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Organic photovoltaic devices (OPV) have been the subject of intense research as a 
potential source of renewable energy due to its potential to meet requirements of cost 
effective manufacturing and its relevance for lightweight and flexible applications. The 
results presented in this dissertation are focused on exploring wet chemical or solution 
processes to fabricate metal oxide films that function as interfacial/passivation layers in 
organic solar cells. Such methodologies have led to the discovery of simple pathways 
toward enhancing the performance of OPVs. 
Chapter 1 presents an overview of the current energy situation and general 
introduction to different photovoltaic technologies.  
Chapter 2 describes the fundamental concepts of semiconductor materials, 
interfaces and the operating principle of OPV. An extensive literature review is provided 
before the motivation for this research is presented.  
In Chapter 3, all experimental details - materials, device fabrication and 
characterisation techniques – related to this dissertation are described. 
Chapter 4 reports on the use of NiO as a hole extraction layer. The fabrication 
approach is based on thermal decomposition of a Ni salt. The photovoltaic performance 
of corresponding NiO based OPV devices were correlated to parasitic resistances. The 
limitations of the thermal decomposition approach as well as improvements in passivation 
and lifetimes due to NiO are discussed. Degradation was studied by IMPS and the results 
are discussed in terms of charge transport and recombination. 
In Chapter 5, a low temperature solution process for the fabrication of MoOx hole 
extraction layer is introduced. This approach involved the use of an acid to precipitate the 
formation of MoOx films during spin coating. The electrical properties of the MoOx films 
and corresponding devices are discussed in relation to post-deposition annealing 
x 
 
treatments, with specific focus on O vacancy doping. Energy level measurements were 
performed to reveal high work functions as well as an n-type nature in the MoOx films 
fabricated, despite their hole selective nature. A mechanism for hole selectivity is 
discussed in relation to the high work function and gap states due to O vacancy doping in 
the n-type MoOx films. 
Aqueous electrodeposition forms the focus of Chapters 6 & 7. Beginning with 
WOx in Chapter 6, films prepared by electrodeposition based on acid chemistry is 
compared with the films prepared by spin coating based on the precipitation approach as 
discussed in Chapter 5. Electrodeposition offered an effective means of removing cationic 
impurities introduced by the precursor as well as refined thickness control at increments 
of 3-5 nm. The effects of interfacial layer roughness on device performance are discussed. 
Extending electrodeposition to TiOx as an electron extraction layer for the inverted OPV 
device structure, Chapter 7 discusses aqueous electrodeposition of highly smooth and 
conformal TiOx films on ITO substrates. The deposition mechanism is discussed in 
relation to electrogenerated OH- species. The influence of H2O2 and NO3
- additives used 
for OH- electrogeneration on the morphology of the TiOx films is discussed. Although an 
n-type semiconductor like MoOx and WOx, O vacancy introduction was found to be 
detrimental for device performance in the case of TiOx. This is discussed in reference to 
electron tunnelling barriers at the ITO/TiOx interface. The TiOx devices were completed 
with solution processed PEDOT:PSS to realise fully solution processed inverted OPV 
devices.  
 Finally, some conclusions with outlook into the future of research and 
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This section discusses main solar cell technologies present and puts the role of organic 
solar cells in context. 
 
1.1 Energy Situation 
Fossil fuels such as oil, gas and coal deliver 84% of our energy needs today. 
Since they have high energy densities and prices are relatively low under current 
policy as well as market conditions, there is little doubt that they will continue to 
provide a majority of our energy needs in the near future. These fossil fuels are 
typically burned to extract the stored chemical energy content, simultaneously 
releasing harmful greenhouse emissions including CO, CO2, NOx and SOx, into the 
atmosphere. Climate reports concur that human activities which emit greenhouse gases, 
including fossil fuel combustion for power generation, have led to damaging 
environmental shifts and there is grave concern over irreversible climate changes if we 
do not stop emission of greenhouse gases emissions, particularly in keeping CO2 levels 
below the recommended atmospheric concentration of 350ppm [1, 2]. Adding to the 
above is the decline in discovery of new oil fields accompanied by continued rise of oil 
prices, reaching a peak of US$147/barrel in 2008 and thus casting a spotlight on global 
energy security based on fossil fuels [3]. Environmental, economic and geopolitical 
consequences of fossil fuel dependence have given rise to the search for alternatives. 
With rapid progress being made in photovoltaic technologies, they are fast becoming a 
viable source of renewable energy. 
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1.2 Solar Photovoltaics 
Solar power remains the most promising form of renewable energy because the 
earth receives it in copious amounts that are easily accessible anywhere on the globe. 
In fact, we receive in one hour enough energy from the sun to last the entire planet for 
a year. Since electricity is a widely used form of high-grade energy, direct conversion 
of solar to electrical energy is ideal and devices that enable this energy conversion are 
known as solar photovoltaics (PV). 
The wide availability of solar energy makes it a prime choice within the global 
energy mix. Solar PVs require only sunlight for electricity generation, which greatly 
improves energy security for nations around the world compared to geographically 
concentrated carbon-based energy sources. In addition, solar PV can generate 
electricity virtually anywhere that helps to reduce the load on long-distance electricity 
transmission networks, unlike carbon-based power sources that are often located far 
from where they are consumed. 
 
Figure 1.1. Best research cell efficiencies. Adapted from [4]. 
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Numerous PV technologies for achieving solar electricity exist and power 
conversion efficiencies vary greatly with type of semiconductor material and device 
structure used. As seen in Figure 1.1, an efficiency of 44% was the highest recorded 
efficiency in 2013 while emerging technologies such as quantum dot, organic and dye 
sensitised solar cells have the lowest efficiency. 
1.3 Photovoltaic Technologies 
1.3.1 Wafer-based Crystalline Si Solar Cells 
 
Crystalline (mono- and polycrystalline) silicon-based solar cells (c-Si) are the 
most developed solar cell technologies and current accounts for roughly 80-90% of the 
solar cell market [5]. Their developments have benefitted from industrial efforts to 
understand the use of silicon in electronics and integrated circuits. With a band gap of 
~1.1eV, the broad optical absorption of silicon is well matched to the solar spectrum, 
extending into the infrared region [6]. The power conversion efficiencies (PCE) of 
monocrystalline and polycrystalline Si solar cells have been demonstrated to reach 
25% and 20.4% respectively [7]. 
Although significant improvements in energy payback periods, silicon use per 
watt and device efficiencies have been made [8], silicon solar cell manufacture is 
considerable in cost and materials use (e.g. chemical etchants, silver and aluminium 
paste) and the weight of silicon solar panels is also fairly considerable (approx. 20 kg), 
limiting their applications in areas where lightweight and flexibility are important 
attributes (e.g. building integrated photovoltaics, consumer electronics etc.).  
1.3.2 Organic Photovoltaics 
 
Originally developed as a low cost alternative to silicon wafer solar cells, thin 
film solar cells based on organic semiconductor (OSC) materials (polymers and small 
 molecules) are known as organic photovoltaics (OPVs)
the discovery of highly conductive pol
MacDiarmid and Hideki Shirakawa, to whom the Nobel Prize in Chemistry was jointly 
awarded in 2000 [9].  
The primary advantage 
high throughput production that involves low tempe
manufacturing such as the roll
OPVs display positive temperature coefficients, increased diffuse light sensitivity, low 
light response and the lowest energy payback period 
have been reported - vacuum
GmbH, Germany [13]; solution
Chemicals, Japan [7]. 
Figure 1.2. Schematic of a typical OPV roll
There are a number of
OPV technology [10, 11, 14-18
1. Typical device thicknesse
materials over other PV technologies.
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2. Due to monolithic (all steps carried out in quick succession on a single 
substrate) roll-to-roll manufacturing process, OPVs can be produced at 
significantly lower unit costs than any other solar technology. 
3. When built using flexible plastic substrates, high flexibility can be achieved 
which could potentially open niche markets currently unfilled by existing 
technologies (e.g. portable electronics, military etc.) (Figure 1.3Figure 1.4).  
4. The initial investments for OPV manufacture is expected to be relatively low  
and will leverage on established printing technologies.  
5. The properties of OSCs (aesthetic colour, band gap, solubility, charge 
mobility etc.), which are based on earth abundant elements, can be tailored 
through chemical synthesis routes. This provides unparalled freedom in 
material design for efficiency and processability improvements. 
6. And finally, OPVs are based upon abundant carbonaceous materials. 
Several companies are currently actively involved in the research and 
development of OPVs. They include multinational corporations such as Mitsubishi 
Chemicals, Toshiba, BASF and start-up firms such as Solarmer, Konarka and Heliatek. 
The greatest challenge currently lies in designing high performance materials and 
device structures that display long-term stability. This includes device electrodes, 
active layer as well as interfacial layers. With potentially low cost manufacture, 
significant academic and industrial research interests and significant scope for further 
improvements, OPV technology can be expected to have a bright future ahead. 
 Figure 1.3. (a) Schematic str
flexibility of device demonstrated by wrapping it human hair (radius 35 μm). (c) 
Solar cells are compressed in linear fashion to 30% (middle) and 50% (right). (d) 
OPV device under three-dimensional deforma
tube (scale bar 2mm). Adapted from 
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building integrated power curtains, c) semi




ucture of ultralight and flexible OPV. (b) Extreme 
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Chapter 2  
 




Fundamental concepts relating to the operation of an OPV are presented here. 
Drawing on references to established concepts for inorganic semiconductors, these 
concepts are extended and contrasted to the special case of organic semiconductors. 
The main steps for solar energy conversion are described and the current state of 
research is presented. Finally, the objective of this thesis work is discussed. 
2.2 Band structure 
A semiconductor is a material with electrical properties in between that of a 
metal and an insulator. The energy structure of a crystalline semiconductor is 
represented by a band structure, in which two regions, each comprising a quasi-
continuum of energy states, are separated by an energy gap, known as the band gap 
(Eg) (Figure 2.1). 
At moderate temperatures, electrons are tightly bound to their respective parent 
atoms and are energetically located in the valence band, found below the band gap. 
These electrons are not available for current conduction. When an electron absorbs an 
amount of energy in excess of the band gap, it is excited into conduction band and 
acquires a mobile state that allows it to conduct an electrical current. Metals are 
electrically conducting due to an overlap in the valence and conduction band, resulting 
in the release of electrons from their host atoms at room temperature. 
  10 
 
Figure 2.1. A schematic representation of the band structures of metals, 
semiconductors and insulators. Electrons found in the valence band are not 
available for current conduction while those in the conduction band are available. 
The valence and conduction bands are separated by a band gap.  The definition of 
metals, semiconductors and insulators corresponds closely with the size of the 
band gaps. 
2.3 Thermal equilibrium in a semiconductor 
At thermal equilibrium in the dark, the probability an electronic state at energy 







      (2.1) 
where k is the Boltzmann constant and T denotes the temperature of the semiconductor. 
A state at an energy EF, defined as the Fermi level, will therefore have an occupancy 
probability of 1/2. At moderate temperatures, the occupancy probability of electronic 
states at energies a few kT above the Fermi level is nearly zero and those a few kT 
below EF are near unity. To calculate the number of electrons per unit volume in the 
semiconductor, n, at an energy E, the product of the Fermi-Dirac distribution and the 
density of states Dn(E) within the energy internal [E, E+dE] has to be taken: 
  ( ) =   ( )  ( )      (2.2) 
  = ∫   ( )  ( )  
 
 
    (2.3) 
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 In the case of undoped intrinsic semiconductors, where electronic states are 
found at energy levels for which E-EF >3kT, the Fermi-Dirac distribution may be 
approximated by the Boltzmann approximation: 
  ( ) ≈   ( ) = exp(
    
  
)     (2.4) 
Equation (2.3) may therefore be evaluated for the conduction band as: 
  = ∫   ( )  ( )  
 
  










where Nc is the effective density of states for electrons and Ec is the conduction band 
minimum edge. Analogous equations can be written for holes in the valence band 
through the approach shown above [1]: 
  =    exp  
     
  
     (2.6) 
where Nv is the effective density of states for holes and Ev is the valence band 
maximum edge. 
 At thermal equilibrium, the electron and hole concentrations can be changed by 
introducing foreign species, or dopants, into the semiconductor. Dopants that donate 
electrons are called donors and the resulting semiconductor is n-type, since it has more 
electrons than holes. Conversely, p-type semiconductors contain dopants introduced to 
increase hole population. The Fermi level will be displaced towards the conduction 
band in an n-type semiconductor (Figure 2.2) and towards the valence band for a p-
type semiconductor (Figure 2.3). 
 Figure 2.2 & Figure 2.3 show what happens schematically when a 
semiconductor and metal come in contact. When the work functions (ϕ) of the two 
materials differ, electron injection occurs across the interface joining the two materials. 
The injected electrons leave behind positively charged ions and contribute to an overall 
negative charge where they reside. This changes the electronic composition of both 
materials at the interface and consequently, interfacial energy levels are locally bent 
and an electric field is setup across the interface. This charge transfer process is driven 
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by a difference in Fermi level of two materials – electrons in the material with a higher 
Fermi level (measured with respect to vacuum) will “see” vacant states of lower 
energies in the material with the lower Fermi level, creating a spontaneous injection of 
electrons across the interface. This charge transfer will continue until the Fermi levels 
of both materials align; at which point, thermal equilibrium is achieved. From this 
charge transfer, two kinds of contacts are formed between a metal and a 
semiconductor: 1) an ohmic contact that allows carriers to flow freely or 2) a rectifying 
schottky (barrier) contact. 
 
Figure 2.2. Schematic representation of metal/n-type semiconductor interfaces at 
thermal equilibrium (ϕm: metal work function, ϕs: semiconductor work function, 
CB: conduction band edge, VB: valence band edge, Evac: vacuum line). 
 
  
Figure 2.3. Schematic representation of metal/p
thermal equilibrium (
CB: conduction band ed
2.4 Semiconductor
Figure 2.4. Schematic representation of the Fermi levels of semiconductor at 
thermal equilibrium in the dark (left) and under
excitation of an electron from the valence band into the conduction band by an 
energetic photon results in the formation of an electron
When a semiconductor is illuminated, electrons are energetically excited into 
the conduction band. A positively charged hole is simultaneously generated so that the 
overall charge of the semiconductor is conserved
13
-type semiconductor interface
ϕm: metal work function, ϕs: semiconductor work function, 
ge, VB: valence band edge, Evac: vacuum line).
s under illumination 
 illumination (right). The 
-hole pair.
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densities of electrons and holes will differ from that of the same semiconductor at 
thermal equilibrium in the dark, and the semiconductor is no longer in thermal 
equilibrium with its surroundings; equations (2.6) and (2.7) are consequently not valid. 
However, in the limiting case of steady state where the perturbation is not 
changing too rapidly, the populations of electrons and holes relax to achieve a state 
known as quasi-thermal equilibrium. In this state, the population of electrons within 
the conduction band distribute themselves as though they were at thermal equilibrium, 
with a common Fermi level and temperature. The holes within the valence band 
arrange themselves as though they shared another different Fermi level (. The carrier 
densities in the semiconductor can then be expressed in a similar manner to equations 
(2.5) & (2.6) by replacing the Fermi level at thermal equilibrium (EF) by quasi-Fermi 
levels for electrons (EFn) and holes (EFp): 
  =     exp  
      
  
 ,     (2.7) 
  =    exp  
      
  
      (2.8) 
2.5 Organic semiconductors – conjugated molecular systems 
Once an electron-hole pair is created, it is under the influence of a binding 




      (2.9) 
where q is the elementary charge of an electron, r is the permittivity of the OSC 
relative to vacuum, o is the permittivity of vacuum, and r is the electron-hole 
separation distance. In crystalline semiconductors with high dielectric constants (e.g. 
Si), the exciton binding energy is lower than thermal energy (kT) at room temperature 
and the exciton is spontaneously dissociated into free carriers. An electric field may 
then be used to separate the charges further, towards the device electrodes, to be 
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extracted. A p-n junction in a wafer Si solar cell creates this electric field. The moving 
charges constitute current flow and the difference in quasi-Fermi levels sets up a 
photovoltage across the electrodes of the device, generating the desired photovoltaic 
effect. 
OSCs, unlike inorganic ones, have low dielectric constants (r ~ 2 - 4) that 
prevent effective screening of electric fields between opposite charges, resulting in a 
broad Coulomb potential well to form around a charge. Adding to the above is the fact 
that OSCs have interatomic bonds that extend only within the length scale of a 
molecule and not throughout the bulk, since they are comprised of discrete small 
molecules or polymers (Figure 2.5). The wave functions of electrons therefore do not 
permeate through the entire organic compound and is confined within the boundaries 
of the molecule. Consequently, the exciton in OSCs is small and the electron sits deep 
within the potential well of its complementary hole (Figure 2.6) [2, 3]. This results in 
exciton binding energies of OSCs frequently greater than kT and no spontaneous 
dissociation occurs at ambient conditions. Without a driving force to dissociate this 
quasiparticle, the electron-hole pair will eventually recombine at the end of its lifetime, 
with a corresponding release of energy to the surroundings and no electrical energy 
can be extracted. 
A further difference with OSCs is the absence of a distinct band structure, due 
to the discrete nature of molecules (as opposed to interconnected atoms in a crystal 
lattice), and molecular energy levels are discrete. Consequently, charges do not travel 
through an OSC in extended energy bands but in π-π* orbitals within a molecule, and 
hop between molecules. The highest occupied and lowest unoccupied electronic states 
are found in the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) respectively. A conjugated chemical structure is necessary 
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to support the delocalization of the electrons in π-orbitals, which allows for current 
conduction along the molecule. In chemistry, a conjugated system consists of 
connected π-orbitals with delocalized electrons found within compounds with 
alternating single and double bonds. Such molecules may be either aromatic (cyclic) or 
aliphatic (linear). Conjugation allows π-electrons to be delocalized across atoms 
involved in forming the extended π-orbitals network i.e. the π-electrons do not belong 
to a single atom but to a group of atoms. 
 
Figure 2.5. Molecular structures of polymers (drawn in square brackets) and 
small molecules commonly used in OPV [3, 4]. 
 
Figure 2.6. Schematic plot of exciton binding energy as a function of charge 
separation distance (redrawn from [5]). Free charge carriers are spontaneously 
generated in conventional inorganic semiconductors because the electron wave 
function extends beyond the coulombic radius (rc) at kT. In OSCs, however, the 
electron wave function is highly localized and found deep in the potential well. 
Since it is significantly smaller than rc, the electron-hole pair is electrostatically 
bound and free carriers are not generated at room temperature. 
2.6 The bulk heterojunction 
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Since the exciton is electrically neutral, it is unable to produce electrical current 
to do work. Dissociation of the exciton within its lifetime is crucial to achieving free 
carriers that will generate a photocurrent.  
During its lifetime, exciton dissociation can occur if the electrically neutral 
exciton diffuses to an interface between two electrically dissimilar OSCs with different 
electron affinity and ionization potential (Figure 2.7, left). This difference in energy 
levels creates an energetically favourable environment for exciton dissociation, where 
interfacial charge transfer from one material to the other takes place - the electron will 
be accepted by the material with the larger electron affinity (electron acceptor) and the 
hole is carried by the material with smaller ionisation potential (electron donor).  
 
Figure 2.7. Schematic representation of exciton dissociation at a donor/acceptor 
heterojunction (left) and at a semiconductor/metal heterojunction (right). The 
donor/acceptor heterojunction creates a thermodynamically favourable 
environment for efficient charge separation. 
Prior to 1986, OPVs were largely fabricated with single OSCs sandwiched 
between two metal electrodes. Such devices relied on the semiconductor/metal 
heterojunction to achieve charge separation (Figure 2.7, right). However, such 
interfaces were not efficient at exciton dissociation and extremely poor efficiencies of 
well below 0.1% were often [6]. In 1986, Tang published an integer efficiency OPV 
milestone with the use of a planar heterojunction formed between two OSCs [7]. This 
quantum leap in performance is now understood to be the result of efficient exciton 
dissociation at the donor-acceptor interface [8].  
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It is important to note that exciton dissociation is conditional upon the successful 
diffusion of excitons to the donor-acceptor interface. On the other hand, exciton 
diffusion lengths (~10 - 20nm) are typically significantly shorter than the penetration 
depth of light for most OSCs (~100nm). Thus, a planar donor-acceptor heterojunction 
is not ideal and a nanoscale donor-acceptor blend of sufficient thickness, known as the 
bulk heterojunction (BHJ), is used in the photoactive layer instead to achieve maximal 
light absorption as well as a large, three-dimensional surface area for high exciton 
separation yield (section 2.8). In addition to its unique nanoscale structure, the ideal 
BHJ must contain percolated pathways for separated charge carriers to be extracted, 
ensuring high exciton dissociation and quantum efficiency yields. Leading 
performance observed in OPVs are based on the donor-acceptor BHJ concept. 
2.7 Operating principle of OPV 
Using the concepts presented above, it is now possible to describe the operating 
principle of OPVs by four fundamental processes: 1) photogeneration, 2) 
exciton/charge separation, 3) charge transport and 4) charge collection [2, 4, 9-11].  
1. When an OPV device is illuminated, incident photons with energy greater than 
Eg are absorbed. This displaces the OSC from thermal equilibrium and the 
extraction of useful work from the OPV device is therefore thermodynamically 
possible. Photon absorption creates a tightly bound electron-hole pair known as 
an exciton. Since the exciton is electrically neutral, it is unable to produce 
electrical current to do work. Dissociation of the exciton within its lifetime is 
therefore crucial to achieving free carriers for photocurrent.  
2. However, since the exciton binding energy is larger than ambient thermal 
energy (kT), spontaneous free carrier generation does not occur in excitonic 
devices. This problem is circumvented if the exciton diffuses to an interface 
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between two electrically dissimilar materials with different electron affinity 
and ionization potential. The difference in energy levels makes exciton 
dissociation energetically favourable. The electron will be injected into the 
material with the larger electron affinity (electron acceptor) and the hole is 
located in the material with the lower ionisation potential (electron donor). 
3. Following exciton dissociation, the electron-hole pair that now resides across 
the donor-acceptor interface is in close proximity. Because of this, they are still 
coulombically influenced, albeit less strongly than the exciton. This electronic 
state that follows exciton dissociation is known as the geminate/polaron pair 
and is characterized by a finite lifetime. It is essential to separate the geminate 
pair into free carriers that can be transported to the electrodes before they 
recombine. This is achieved by introducing a strong electric field that pulls the 
polaron pair apart with asymmetric contacts that have different work functions, 
essential to creating the large potential drop necessary for this purpose. This 
electric field also aids charge extraction by enhancing drift currents. 
4. Free carriers are subsequently transported to the contacts in extended π-π* 
orbitals of the donor and acceptor molecules. Carrier transport in such discrete 
entities is characterized by carrier movements within a molecule, and hopping 
between the orbitals of separate molecules. The backbone of a π-conjugated 
molecule is comprised of a linear series of overlapping pz orbitals that have 
formed through covalent bonding between sp2 hybridized atoms, thereby 
creating a delocalized electron density cloud that spreads throughout the 
domain of the molecule. It is this extended π orbital network that affords 
mobility to excited charges in a conjugated molecule. Conjugated 
polymers/molecules are characterized by alternating C-C and C=C bonds. 
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5. At the contacts, favourable energy alignment between suitable metals and the 
donor HOMO as well as acceptor LUMO ensures ohmic contacts for proper 
carrier extraction with minimal energy loss. Ideally, the contacts should have 
Fermi levels in close proximity to the donor HOMO and acceptor LUMO, as 
indicated in Figure 2.9 (d). 
6. By dispersing the donor and acceptor in the form of an intimate nanoscale 
blend (known as BHJ) that contains percolated pathways to the device contacts, 
an optimum balance between photogeneration, exciton separation and charge 
transport can be achieved. 
Figure 2.8 illustrates the operating principle with respect to the cross sectional spatial 




Figure 2.8. Schematic representation a bulk heterojunction (BHJ) comprised of a 
polymer donor and fullerene acceptor (image courtesy of C. Deibel: 
http://blog.disorderedmatter.eu). The primary steps in are (i) photogeneration of 
an exciton, (ii) diffusion of exciton to donor-acceptor interface where (iii) 
spontaneous charge transfer from donor to acceptor, (iv) charge separation of 
geminate pair, (v) charge transport through percolated pathways and (vi) charge 
extraction at electrodes. Each of the above steps is accompanied by 
recombination processes that compete with photocurrent generation i.e. exciton 
recombination, geminate pair recombination, recombination of free carriers with 
other mobile or trapped charges in the BHJ or electrodes. The ideal BHJ network 
is one that allows excitons to diffuse readily to a donor-acceptor interface, is 
highly percolated and contains minimum isolated pockets. 
 
Figure 2.9. Illustration in energy scale of (a) photogeneration (b) charge 
separation (c) charge transport (d) charge collection processes in an OPV and (e) 
elementary steps describing the operating principle of OPV. Adapted from [4]. 
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2.8 Interfacial layers 
 While the BHJ is an important component of high performance OPVs, the 
intimate donor-acceptor mix means that the electrodes are in direct contact with both 
electron and hole rich domains in the BHJ and it is therefore possible for charges 
collected in the electrodes to encounter, and recombine, with oppositely charged 
carriers found in the BHJ. By inserting a charge selective “membrane” between the 
metallic electrode and the BHJ, oppositely charged carriers in the BHJ and metallic 
electrode are spatially separated and recombination at the metal/BHJ electrode can be 
effectively suppressed. Therefore, the most important functions of interfacial layers are 
to (1) providing an intermediary energy step between the BHJ and a metal contact, so 
that a charge selective ohmic pathway to the external circuit for one of the two charge 
carriers in the photoactive layer is formed – this is known as charge selectivity – and 
(2) determine the polarity of the device [12-14]. In addition, interfacial layers may 
serve to (3) prevent undesirable physical/chemical interactions between adjoining 
layers and (4) act as optical spacers [14, 15]. 
2.8.1 Mechanisms for charge selectivity of interfacial layers 
 
Various mechanisms for charge selectivity of interfacial layers have been 
discussed in existing literature. These are summarised as follows:  
1. The first possible mechanism considers the band positions of the interfacial 
layer in relation to the energy levels of electrons and holes in the BHJ (Figure 
2.10). The hole selective contact/extraction layer (HEL) has a valance band 
edge that is matched to the donor HOMO and holes are transported to the 
anode via the valence band. The conduction band, on the other hand, is 
inaccessible to electrons, hence allowing spatial separation of the charges and 
  
minimal recombination at the anode. A similar discussion can be made at 
electron extraction layer (EEL). This mechanism is responsible f
selectivity in various polymeric interfacial layers (PEDOT:PSS, PFN
[16]) as well as 
[17-21]). 
Figure 2.10. Interfacial layers are used to provide an intermediate energy step so 
that ohmic pathway to the external circuit for one out of 
photoactive layer is formed. The hole/electron selective interfacial layer is used to 
spatially separate electrons/holes in the active layer from holes/electrons in the 
anode/cathode. Adapted from 
2. Another mechanism for charge selectivity involves band bending that is caused 
by charge transfer at the interface of interest. The integer
theory may be used to describe the charge transfer that occur
inorganic semiconductor is brought in contact with an OSC. ICT theorises 
charge transfer across the OSC/inorganic semiconductor or organic/metal 
interface when the work function of metal/inorganic semiconductor is 
greater/lesser than the 
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p-type and n-type metal oxides (e.g. NiO, SnO
the two carriers in the 
[14]. 
-charge
HOMO/LUMO of the OSC [22]. Following this charge 
or charge 
-1 etc. 
2, ZnO, TiO2 etc. 
 
-transfer (ICT) 
s when a metal or 
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transfer, an electric field (E-field) and a shift in energy bands corresponding to 
a charge distribution occurs. This E-field favours charge selectivity at the 
OSC/metal and OSC/inorganic semiconductor interface (Figure 2.7). Examples 
of such interfacial layers include low work function metals (e.g. Ca) and high 
work function metals (e.g. Au). 
3. The last mechanism discussed in literature involves the use of dipoles. Often, a 
thin dipole interfacial layer (<1nm) is used to bend the vacuum energy level. 
This effectively creates an energetic barrier for one carrier but not the other and 
ensures charge selectivity at the dipole/organic interface. Since dipoles are 
often insulators, the interfacial layer is thin to ensure successful tunnelling of 
the desired carrier. Examples of dipole interfacial layers include ionic 
compounds such as LiF, NaCl and molecular zwitterions [23-25]. 
2.8.2 Important prerequisites for interfacial layers 
 
 
Figure 2.11. Schematic diagrams of the conventional (left) and inverted (right) 
architecture of OPVs. In both case, photons are incident from the transparent 
conducting substrate. 
 In order for a material to function satisfactorily as a charge selective interfacial 
layer in OPVs, certain sets of prerequisites must be met: 
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1. Semiconductor – an interfacial layer should be a semiconductor with energy 
levels appropriately matched to the organic light absorber. This will allow the 
interfacial layer to be ohmic to one carrier but not the other. Depending on 
whether the transparent electrode is modified with a p-type or n-type 
semiconductor, the transparent electrode may become the anode (conventional 
architecture) or cathode (inverted architecture) respectively (Figure 2.11). 
2. Wide band gap – the interfacial layer adjoining the substrate needs to possess a 
wide band gap in order to transmit as much light into the active layer for 
photogeneration as possible. Ideally, the corresponding complementary 
interfacial layer adjoining the metal contact should also possess a large band 
gap so as to act as an effective optical spacer [20, 26]. 
3. Stable – the interactions of an interfacial layer with its adjacent layers in an 
important determinant in the reliability or lifetime of an OPV device. 
Interfacial layers should therefore possess high chemical, thermal and ambient 
stability. 
2.8.3 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) – the standard hole extraction layer 
 
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a 
polymeric p-type semiconductor. It is currently the standard hole selective interfacial 
layer, ubiquitously used in OPVs and luminescent organic light emitting diodes 
(OLEDs) due to its good film forming properties, high hole mobility and accessibility 
by wet deposition. PEDOT:PSS, however, presents several disadvantages: 
1. PEDOT:PSS is highly acidic (pH~1) and hygroscopic. Acidity causes etching 
of ITO substrates, during which In and Sn species had been shown to migrate 
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into the active layer that negatively impacts device performance over time. Its 
hygroscopic nature causes PEDOT:PSS to scavenge for H2O in air, which had 
also been found to be detrimental to the active layer and metal electrode [27-
29]. 
2. It has low thermal and ultraviolet stability [30]. 
3. It exhibits 3-dimensional inhomogeneities in morphology and conductivity 
[31]. 
4. It is not highly efficient in blocking electrons [32].  
5. It has a relatively fixed HOMO level that is non-ideal for novel, high ionization 
polymers used in active layers [33]. 
Given the above disadvantages, considerable efforts have therefore been put into 
developing suitable replacements for PEDOT:PSS. One class of material that fulfils all 
prerequisites for interfacial layers and has the potential to overcome issues with 




2.9.1 Metal oxides interfacial layers 
Metal oxide semiconductors are promising alternatives to PEDOT:PSS due to 
their ideal optical and electrical properties, as well as their ambient stability [33]. 
Table 2.1 shows a summary of the various techniques that had been used to prepare 
metal oxide films. Traditionally, these films have been accessed largely by vacuum 
and elevated temperatures, such as atomic layer deposition, pulsed laser deposition, 
sputtering and thermal evaporation. NiO, MoO3, V2O5 and WO3 have been commonly 
studied as hole extraction layers while TiO2, ZnO and SnO2 have been used as electron 
extraction layers. In most cases, enhanced device performance and stability over 
PEDOT:PSS interfacial layers were reported [17, 18, 34-39]. 
Metal oxides are of practical importance due to their solution processability at 
ambient conditions [40]. Typically, wet chemical approaches require lower 
temperatures and atmospheric pressures in contrast to vacuum approaches. These 
attributes are clear advantages in view of greater convenience and scalability for large 
area applications.  
Table 2.1. Summary of techniques and their salient features used to prepare 
metal oxide films. 
Process Temperature Environment Remarks 
Atomic layer deposition High Vacuum [34, 41-43] 
Sputtering Moderate Vacuum [44-46] 
Pulsed laser deposition High Vacuum [18] 
Thermal evaporation  High Vacuum [37-39] 





Facile but not scalable (ref. 
provided in respective chapters) 





Scalable for large substrates 
(ref. provided in respective 
chapters) 
 
2.9.2 Solution processing metal oxide interfacial layers 
The two most commonly reported approaches for wet-deposition of metal 
oxide films are (1) the colloidal approach and (2) the sol-gel approach [13, 14, 40]. In 
the colloidal approach, metal oxide films are prepared by physically coating a colloid 
of pre-synthesized metal oxide nanoparticles homogenously dispersed in a suitable 
solvent [48]. In principle, the properties of nanoparticles are easily manipulated via 
chemical synthesis and easily implemented into device structures by simple coating 
processes. This allows various film morphologies (nanorods, nanowires, nanotubes, 
spheres etc.) and crystalline phases to be deposited. Dispersivity is often improved 
with the aid of capping agents or surface ligands that prevent agglomeration. In 
practise, however, these concepts are limited by relatively cumbersome growth 
techniques and in their ability to significantly improve device performance due to the 
following reasons [39, 40, 48-50]: 
1. Capping ligands often impede the movement of carriers between particles 
resulting in low mobility. Removing these ligands is possible but often requires 
additional steps.  
2. Nanostructured films have high internal surface areas where trap density is 
often high and chemical interactions with O2 and H2O in air leads to changes in 
electronic properties due to depletion or accumulation of charges at the surface.  
3. Agglomeration leads to undesirable electrical performance variations. 
4. The charge transport advantage of vertically-oriented nanostructured films is 
only significant for thicker metal oxide films (microns). Typically, metal oxide 
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interfacial films display optimum thicknesses of only < 50nm, and so the 
advantage in using nanostructured films is minimal. 
In contrast to the colloidal approach, the sol-gel approach begins with the 
synthesis/preparation of a metal salt precursor solution. Depending upon the choice of 
precursor for wet-deposition, the metal oxide film may be obtained in-situ through 
hydrolysis of the precursor in air, or obtained through oxidation of the precursor at 
elevated temperatures. Spin coating is often employed and the resulting films are dense, 
compact and typically amorphous. Metal oxides interfacial layers such as V2O5, MoO3, 
TiO2 and SnO2 [19, 51, 52] have been successfully prepared this way.  
Less explored is cathodic electrodeposition of interfacial layers. 
Electrodeposition is the deposition of materials on an electrode through the action of 
electricity. Broadly, electrodeposition of ceramics may be classified as electropherotic 
deposition and electroprecipitation. 
1. Electrophoretic – electrophoretic deposition is a colloidal process wherein 
ceramic particles suspended in a liquid medium migrate to an electrode under 
the influence of an electric field. The electric field causes the charged particles 
to move toward and deposit on the oppositely charged electrode. Deposition is 
therefore a coagulation of particles into a dense mass. Films prepared this way 
can be expected to be porous and rough and have been applied as photoanodes 
of dye sensitized solar cell [53-56]. 
2. Electroprecipitation – when electricity is applied to the electrolyte, electrically 
generated of protons (H+) or hydroxyl (OH-) ions induces a local change in pH 
at the working electrode. When this lowers the thermodynamic stability of the 
oxide, deposition of the oxide by precipitation occurs. When additives are used 
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as H+ or OH- sources, the oxidation state of the metal is unchanged through this 
process. 
3. Cathodic reduction – certain ceramic oxides, such as Cu2O, are deposited by 
reduction of the redox precursor. The oxide is directly deposited on the 
electrode due to a reduction in the oxidation state of the metal as illustrated by 
the following general reaction: 
    + (  − 2 )   +      →     + 2  
  
Although relatively unexplored, electrodeposition is an attractive 
approach for preparing metal oxide interfacial layers due to its adaptability for 
large-scale applications and accessibility at ambient conditions. 
2.9.3 Objective of This Work 
The objective of this dissertation is to address the need for solution-based 
deposition of metal oxide interfacial layers for OPVs. This is achieved by (i) designing 
stable precursors based on commercially accessible compounds and (ii) employing 
coating techniques (physical & electrochemical) that have potential for cost effective 
scale-up. The effects of metal oxide processing conditions on device performance is 
examined and interpreted in conjunction with materials and device characterisation in 
order to establish optimum fabrication conditions for several p- and n-type metal 
oxides, namely NiO, MoOx, WOx & TiOx. Collectively, these metal oxides encompass 
the properties commonly encountered by OPV researchers i.e. shallow vs. deep energy 
levels, p- vs. n-type and applied in conventional vs. inverted OPV structures. 
Beginning with NiO, thermal decomposition of spin coated precursor films is 
discussed as a facile approach to the preparation of NiO films between 15 - 100 nm 
thick. Although promising results in substrate passivation and stability improvements 
were achieved, high temperature treatments were shown to be detrimental to the 
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substrate. Subsequently, low temperature syntheses were employed using acid or alkali 
based chemistries for preparing submicron MoOx, WOx and TiOx interfacial layers. 
Emphasis is placed on the relationship between process conditions, the properties of 
the metal oxide films (such as purity, morphology, roughness, substrate conformity, 
energy structures, energy level alignment, oxidation states, O vacancies) and device 
performance. Electrodeposition, which has industrial potential for in-line production, 
is also investigated to prepare WOx and TiOx. Finally, successful application of these 
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 Various experimental approaches have been used and commonly referred to in 
this dissertation. The details of these techniques will be presented in this chapter. 
Further details on experimental procedures are presented in the respective chapters. 
3.1 Materials 
3.1.1 Conducting glass substrates 
Patterned ITO (tin-doped indium oxide) substrates were procured from Xinyan 
Technology Ltd. (Hong Kong). The technical specifications are given in Table 3.1. 
The ITO substrates were cleaned in successive sonication baths of detergent, water, 
acetone and propanol. They were then treated with UV-O3 to remove surface 
contaminants before device fabrication. 
Table 3.1. Technical specifications of ITO substrates used in this study. 
ITO sheet resistance 
Transparency 













< 20 17 - 18 > 85 90+10 1.1 25 x 25 
 
3.1.2 Preparation of active layer and metallisation 
The ubiquitous P3HT:PCBM polymer:fullerene was used to prepare the device 
active layer throughout this research. The active layer was prepared by spin coating a 
P3HT:PCBM blend dissolved in ortho-dichlorobenzene (o-DCB). First, P3HT and 
PCBM were weighed in a ratio of 1:0.8 w/w at a P3HT concentration ranging from 15 
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– 21 mg/ml. o-DCB was then added and the resulting solution was stirred overnight 
vigorously at 60 oC. This solution was spin coated at an optimum speed determined to 
be between 700 – 800 rpm until dry. The active layer may be annealed at 140 oC for 7 
min to enhance crystallinity and optical absorption of the P3HT polymer. 
Metallisation was performed by thermal evaporation of appropriately chosen 
metals such as Al and Ag. Evaporation was performed in an Edwards Auto 306 
evaporator in vacuum. The vacuum chamber was pumped down to a pressure of 1 - 3 x 
10-6 mbar and the evaporation rate was controlled at 1 - 3 Å/s. A shadow mask was 
used during evaporation to define the device active area and to obtain several devices 
per substrate. More details are given in the respective chapters. 
3.2 Characterisation 
3.2.1 Atomic force microscopy 
Atomic force microscopy (AFM) was used to image the topography of 
deposited films. The obtained images, usually for a sample area of 1 x 1 to 10 x 10 
μm2, were analysed to obtained film roughness. AFM images were obtained from a 
Veeco Nanoscope IV AFM, operated in tapping mode. 
3.2.2 Field emission scanning electron microscopy 
Field emission scanning electron microscopy (FESEM) provides an 
electronically magnified image of the specimen under study. A beam of electrons 
having energies of several keV are focused onto the specimen surface. These primary 
electrons will interact with sample atoms to cause the ejection of secondary electrons. 
The ejected secondary electrons are collected and the signals are used to produce a 
digital image of the specimen. FESEM images presented in this study were obtained 
by JEOL JSM-7000F FESEM. 
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3.2.3 X-ray diffraction  
X-ray diffraction (XRD) is an analytical technique that provides information on 
the crystalline phases present in a material. The interactions between X-ray photons 
and atoms are complex but Bragg’s law offers a simplified method to describe the 
diffraction: 
nλ = 2dsinθ     (3.1) 
 
where λ represents the wavelength of the incident X-ray, d is interplanar spacing and θ 
is the angle between the incident and diffracted X-ray, and n is set to be 1. In this 
dissertation, crystallinity was probed using CuKα radiation (λ=0.154056nm) in a 
Bruker AXS D8 X-ray diffractometer. An incident glancing angle of 0.5 – 1o was used 
during measurement of the thin films prepared. Diffraction patterns were collected 
over 2θ in the range 10-70°. The peaks positions marked in the measured XRD pattern 
are unique fingerprints that may be used to identify the films prepared by comparing 
the measured pattern with standard patterns provided by International Center for 
Diffraction Data (ICDD).  
3.2.4 X-ray photoemission spectroscopy 
X-ray photoemission spectroscopy (XPS) is an elemental analysis technique 
that provides both quantitative and qualitative information on the elemental 
composition and oxidation states of species present in samples analysed. High energy 
X-rays bombard the sample to cause the ejection of core level electrons. The kinetic 
energy of the photoelectrons are measured by an energy analyser. Since the kinetic 
energy of the core level photoelectron is unique to the element present, XPS can be 
used to index elements present in the sample. In addition, the kinetic energy of the 
photoelectron is affected by the oxidation state or chemical environment of the element. 
Peak intensities may be used to quantify relative amounts of each element with respect 
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to other elements and stoichiometry can therefore be calculated. In this dissertation, 
XPS measurements were performed with non-monochromatised 1253.6eV MgKα 
radiation using a VG ESCALAB MKII spectrometer or using monochromatised Al Kα 
at 1486.71eV on a Kratos AXIS UltraDLD system. Charge compensation was provided 
using an electron flood gun and all measured spectra were calibrated by fixing the C 1s 
spectra (C-C bond) to the reference value of 284.50eV. XPSPEAK was used to 
deconvolute the measured peaks using a combination of Gaussian and Lorentzian 
curves (Voigt type). 
3.2.5 Ultraviolet photoemission spectroscopy 
Ultraviolet photoemission spectroscopy (UPS) is an analytical technique used to 
map the occupied energy levels in a sample. Unlike XPS, UV photons are much lower in 
energy and therefore interact with outer shell electrons to reveal energetic information on 
the Fermi level and valence band. The energy structure of a sample may therefore be 
obtained from this technique. Ultraviolet photoelectron spectroscopy (UPS) was 
performed with He I (21.21eV) radiation on a VG Scientific ESCALab Mark 2 
instrument. 
3.2.6 I-V measurement 
I-V measurements of completed OPV devices were performed in the N2 glove 
box or in air after encapsulation using a Keithley 2400 sourcemeter under a Newport 
Oriel Class A solar simulator calibrated to 100 mW/cm2 (1 Sun) at air mass 1.5 global 
(AM1.5G). Moving charges contribute to a short circuit photocurrent density (Jsc) and 
an open circuit voltage (Voc). The maximum power density (P) and efficiency () of 
the solar cell can then be determined from knowledge of the incident irradiation (Is), 
Jsc, Voc and fill factor (FF), which measures the deviation of the measured current-
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voltage output from ideality due to shunt and resistive losses. These parameters allow 
fair comparisons of all solar cells regardless of material or device structure.  
    (3.2) 
  
      (3.3) 
 
 Device shunt (Rsh) and series resistances (Rs) were measured from the inverse 
slope of the illuminated I-V curves at V= -0.1 V and V = +1 V respectively. Dark I-V 
measurements were performed using a Keithley 2420 sourcemeter that applied a 
biased swept between user-defined boundaries and simultaneously measured the 
current flowing through the device. Stability tests were carried out for unencapsulated 
as well as encapsulated devices. Unencapsulated devices were stored in the dark and 
only illuminated to measure their I-V curves at pre-determined times while 
encapsulated devices were soaked in light under a halogen lamp calibrated to 1 Sun at 
50 oC.  
3.2.7 Intensity modulated photocurrent spectroscopy and 
electrochemical impedance spectroscopy 
Intensity modulated photocurrent spectroscopy measures the modulation of 
photocurrent response to a small fluctuation in incident light intensity. This results in 
the current output from the device to follow a sinusoidal function: 
I(t) = Io(1+δe
iωt)    (3.4) 
IMPS provides information about electron transport and recombination respectively. 
Analysis of the IMPS measurements assumes that the photocurrent response is linear 
to the perturbation. Therefore, δ should be kept at < 10%. IMPS was performed in 
ambient conditions on encapsulated devices using a controlled-intensity-modulated-




P  (Voc )(Jsc )(FF )
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625 nm) provided modulated light in the frequency range of 10 Hz - 100 kHz 
superimposed on a steady dc light intensity of 10 W/m2. 
 EIS technique has been widely employed to investigate various kinetics 
processes occurring in OPV. Although widely employed, a standardised model for 
describing the impedance response is not established for OPVs, unlike the case of dye-
sensitized solar cells where the EIS responses are well described by a transmission line 
model. In EIS experiments, a desired potential is first applied to the OPV device and a 
small sinusoidal perturbation in potential is applied. The resulting current fluctuations 
are recorded as a function of modulation frequency. Fitting this information with an 
appropriate model allows further analysis of charge transport and recombination. In 
this work, devices were encapsulated before removing from the glove box for EIS 
measurements on the CIMPS setup from Zahner mentioned above. The devices were 
illuminated by the white LED light source, calibrated by a supplied photodiode to an 
illumination intensity of 1 Sun. The EIS measurements were performed in potentiostat 
mode at potentials between 0 - 0.6V within the frequency range of 0.1 Hz – 4 MHz. 
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Chapter 4  
 
Enhanced photocurrent, stability and 
the effect of parasitic resistances using 
solution-based NiO interfacial layer 
 
4.1 Introduction 
Nickel oxide (NiO) is a wide band gap (Eg > 3 eV) p-type metal oxide 
semiconductor that is chemically stable, possesses high optical transparency and has a 
valence band edge that aligns well with the HOMO of donor polymers used in OPV. In 
this regard, several studies have shown improvements in device performance and 
stability when NiO was used to replace the ubiquitous PEDOT:PSS interfacial layer 
[1-5]. These studies often employed vacuum deposition techniques such as pulse laser 
deposition and sputtering, which are neither scalable nor cost effective. 
Few attempts to solution process NiO have been made in order to keep its 
fabrication in line with scalable printing techniques. Notably, Steirer et al. 
demonstrated solution process for NiO films with a proprietary Ni-ink precursor [4, 5] 
but more can be done to exploit conveniently accessible Ni sources.  
Furthermore, intensity modulated photocurrent spectroscopy (IMPS) is a 
powerful, non-destructive characterization technique that is commonly used for the 
analysis of various optoelectronic devices [6-8]. To this end, IMPS has recently been 
applied to OPV devices [9-11] to obtain information on carrier transport and 
recombination/relaxation processes.  
This chapter discusses the performance of poly(3-hexylthiophene):[6,6]-
phenyl-C61-butyric acid methyl ester (P3HT:PCBM) OPVs incorporating a solution 
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processed NiO interfacial layer. The solution process relies on thermal decomposition 
of physically coated nickel acetate films, which is a highly accessible precursor, is 
considered facile and not energy intensive by contrast to previously reported vapour 
deposition methods (sputtering, evaporation etc.). By varying the thickness of the NiO 
interfacial layer, we discuss the effects of parasitic shunt (Rsh) and series (Rs) 
resistances on device performance. The solution-based NiO interfacial layers were 
observed to enhance device photocurrent and stability compared to reference 
PEDOT:PSS devices. IMPS was used to study the effect of ambient degradation on 
charge transport and recombination processes in the device. It was concluded that the 
loss in photocurrent observed during ambient degradation was due primarily to a 
reduction in carrier mobility and increased recombination and trapping. 
 
4.2 Experimental Details 
4.2.1 Materials 
PEDOT:PSS solution, ortho-dichlorobenzene (o-DCB) and diethanolamine 
was purchased from Sigma Aldrich. Nickel acetate tetrahydrate (Ni(CH3COO)2∙4H2O) 
and methanol were obtained from Alfa Aesar while P3HT and PCBM were procured 
and used without purification from Rieke Metals and Nano-C respectively. 
4.2.2 NiO film deposition and device fabrication 
The precursor solution used in this study was prepared by dissolving 
Ni(CH3COO)2∙4H2O in methanol with an equimolar amount of diethanolamine. The 
concentration of the precursor solution was varied between 0.1 - 0.4 M to obtain films 
of varying thicknesses. This solution was passed through a 0.45μm PTFE filter (Titan 
2) before spin coating on pre-cleaned UV-O3 treated ITO substrates to remove any 
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undissolved particles. The as deposited films were annealed at various temperatures 
between 250 – 350 oC in air to thermally decompose them into NiO.  
40 nm PEDOT:PSS interfacial layers were spin coated from a filtered (Titan 2 
0.45 μm cellulose filter) PEDOT:PSS solution (5000 rpm for 60 s) and dried at 140 oC 
for 20 min. The NiO and PEDOT:PSS films were subsequently transferred into N2 
glove box (O2 and H2O < 1 ppm) for preparation of the active layer. The active layer 
measuring 130nm was spin coated (800 rpm, 240 s) from a 20 mg/ml (1:0.8 w/w) 
blend of P3HT:PCBM blend dissolved in o-DCB. The devices were completed by 
sequential thermal evaporation of 0.8nm LiF and 80 - 100 nm Al cathode without 
breaking vacuum (~10-4 Pa). A shadow mask was used during evaporation to make 6 
devices of 3 x 3 mm2 each per ITO substrate. Schematic of the experimental workflow 
is presented in Figure 4.1. Devices were encapsulated with a UV-cured epoxy for 
IMPS measurements outside the glove box. 
 
Figure 4.1. Schematic of the work flow for the preparation of NiO (left) and 
PEDOT:PSS (right) devices. 
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4.3 Results and Discussion 
4.3.1 Device performance 
 
Figure 4.2. Schematic representation of the device structure of as-prepared NiO 
devices and the chemical structures of P3HT donor and PCBM acceptor used in 
this study (top left), energy level diagram of the NiO devices (top right) and J-V 
characteristics of devices utilizing PEDOT:PSS and NiO interfacial layers 
fabricated in this study. 
Figure 4.2 presents the device structure and energy level diagram of 
P3HT:PCBM devices incorporating the NiO interfacial layer used in this study. The 
high conduction band and well aligned valence band edge makes NiO an appropriate 
hole selective interfacial layer for the P3HT:PCBM active layer. The J-V 
measurements of NiO and PEDOT:PSS devices obtained are presented in Figure 4.2, 
Figure 4.3 and Table 4.1. Interestingly, compared to PEDOT:PSS devices, higher 
short-circuit current densities (Jsc) were observed in the NiO devices. In addition, a 
strong relationship between NiO thickness (δNiO) and device performance was 
observed with a peak in η, FF, Voc and Jsc occurring at δNiO ~ 25nm. The larger Jsc 
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sufficiently compensated for lower fill factors (FF) and open circuit voltages (Voc) 
obtained in the NiO devices, so that similar performance with the reference 
PEDOT:PSS device was achieved. The solution processed NiO films could therefore 
be used as an alternative to the PEDOT:PSS interfacial layer. 
Table 4.1. Summary of photovoltaic parameters measured in relation to NiO 
interfacial layer thickness used in this study. Results from the PEDOT:PSS based 














15nm NiO 560 8.2 50.9 2.33 4.8 0.54 
20nm NiO 570 8.5 55.7 2.68 5.8 1.6 
25nm NiO 574 8.7 56.5 2.83 6.0 1.8 
35nm NiO 570 8.6 56.0 2.75 6.2 1.6 
100nm NiO 565 8.8 53.5 2.67 6.6 1.7 
50nm PEDOT:PSS 585 7.7 64.2 2.93 1.2 1.5 
 
 
Figure 4.3. A plot of device parameters (Voc, Jsc, FF and η) against thickness of 





4.3.2 Structural and elemental characterization 
To understand these results, structural and elemental analyses of the NiO films 
were performed. The films displayed low surface root-mean-squared (RMS) roughness 
of 1-1.5nm, hence successfully planarising ITO, while cross-sectional SEM revealed 
the formation of dense NiO films on the ITO substrate (Figure 4.4). XPS analysis 
(Figure 4.5) revealed the peaks of Ni 2p1/2 and Ni 2p3/2 located at binding energies of 
872.5 and 879.0eV, as well as 854.9 and 861.3eV. These values correspond to those 
previously reported for NiO [12-14]. Decomposition of the Ni(CH3COO)24H2O 
precursor after heat treatment was confirmed by examining the C 1s peak 
corresponding to the C-O bond of the acetate group. It was found that annealing at 
350oC for 15min resulted in optimum device performance while residual acetate at 
shorter annealing durations or lower annealing temperatures was found to decrease FF, 
Voc and overall device performance (Voc: 535mV, Jsc: 9.2mA/cm
2, FF: 49%, : 2.45%). 
 
Figure 4.4. AFM height images of ITO (top, left), ITO/NiO (top, right) and cross 
sectional SEM reveals the formation of dense NiO films on ITO. The RMS 
roughness of the NiO films was measured to be 0.9-1.3nm. 
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Figure 4.5. (a) XPS spectra recorded for Ni 2p showing peaks corresponding to 
NiO, (b) XPS spectra recorded for C 1s and (c) transmittance spectra for 
ITO/PEDOT:PSS and ITO/NiO films of various thickness. 
4.3.3 Effect of parasitic resistances and enhanced photocurrent 
Interestingly, UV-visible absorption spectroscopy revealed similar 
transmittance between the NiO and PEDOT:PSS interfacial layers in the solar 
spectrum. Here, the spectral transmittance is measured and a weighted-average-








    (4.1) 
where T is the measured spectral transmittance, Isun is the spectral solar intensity and λ 
is wavelength. As seen in Figure 4.5c the %WAT of 20, 35 and 100nm NiO films 
differ from that of PEDOT:PSS by < 6%. Since greater light absorption by the active 
layer leads to a greater Jsc, similar transmittance between the NiO and PEDOT:PSS 
interfacial layers suggests that the enhancement in Jsc of the corresponding devices 
cannot be attributed to greater photon absorption.  
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Figure 4.6. Dark J-V measurements of NiO and PEDOT:PSS based devices. 
The enhanced photocurrent may thus be accounted for by analysing the device 
dark J-V measurements, shown in a semi-logarithmic plot in Figure 4.6. With the 
exception of 15nm films, significantly reduced dark currents (roughly an order of 
magnitude) corresponding to large Rsh were observed in the NiO devices. This 
significant improvement in Rsh with respect to reference PEDOT:PSS devices 
demonstrates the effectiveness of NiO in blocking electrons, thus reducing undesirable 
current leaks at the anode and accounts for the higher Jsc observed. The large reverse 
bias current observed for δNiO < 25nm was caused by microscopic cracks in the films 
that act as shunt pathways. This is consistent with the poor FF and Rsh of the 
corresponding devices shown in Table 1. Since δNiO < 25nm displayed poor Rsh while 
Rs had increased for δNiO > 25nm, therefore, a balance between these two influential 
parameters resulted in the optimum device performance at δNiO = 25nm.  
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Figure 4.7. SEM images of 25nm (left) and 15nm (right) NiO films revealed the 
formation of microscopic cracks for films δNiO < 25nm. 
4.3.4 Effect of heat treatment on ITO 
Despite the improved photocurrent obtained, it was found that devices 
incorporating the as-prepared NiO interfacial layers displayed lower FF than 
PEDOT:PSS devices; in particular, Rs was roughly 4 - 5 times greater in NiO devices. 
The sheet resistances (Rsheet) of the NiO films was determined by 4-point probe 
measurement, which was found to be 10 MΩ sq-1 for δNiO = 100 nm. By definition, 




         (4.2) 
Therefore, the resistivity of the NiO films was calculated to be 10-1 Ω cm, which is in 
agreement with desirable values previously reported for NiO interfacial layers [3].  
The sheet resistance of ITO, however, was found to have increased significantly due to 
thermal annealing (Table 4.2). At the optimum annealing condition of 350oC for 15min, 
ITO Rsheet increased by approximately 4 – 5 times, similar to the increase in Rs 
measured in devices fabricated. Consequently, the high temperature heat treatment 
necessary for the formation of NiO is detrimental to the ITO substrate and low 
temperature approaches, such as those explored in the later chapters, would be more 
desirable. 
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Table 4.2. Sheet resistance of ITO measured, by 4-point probe, as a function of 
annealing time at 350oC 
Tanneal / 
oC ITO Rsheet / Ω sq
-1 
Room temperature 20 
350oC, 5min 60 
350oC, 10min 81 
350oC, 15min 90 
 
4.3.5 Device stability – a study by IMPS 
 
Figure 4.8. Stability test results of unencapsulated NiO and PEDOT:PSS based 
devices in dark ambient conditions (25oC, 50% RH). 
Being a stable material, replacing PEDOT:PSS with NiO interfacial layers are 
expected to improve the stability of OPV devices [3]. In order to confirm this, we 
examined the stability of unencapsulated NiO and PEDOT:PSS devices in dark, 
ambient conditions at 25oC and 50% relative humidity (RH). The results for both NiO 
and PEDOT:PSS devices showed stable Voc and FF while Jsc decreased with time 
(Figure 4.8). Degrading devices were further subjected to IMPS measurements to 
investigate the observed trend and the results are shown in Figure 4.9. It was noted that 
the IMPS peak maxima shifted towards higher frequency while the minima shifted 
towards lower frequency with increased degradation time. Furthermore, the IMPS 
maxima was undefined in the case of fresh devices, suggesting that this peak results 
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directly from ambient degradation. Two main processes in OPV devices have been 
discussed in literature based on their IMPS responses: 1) trapping with subsequent 
relaxation of carriers and 2) carrier transport [9, 11]. Each process has a characteristic 
time constant τ that is proportional to the reciprocal of the frequency (f) at the 
maximum/minimum of the imaginary IMPS response (Im(J)) i.e. τ = (2πfmin/max)
-1. In 
terms of device performance, a long relaxation (τ1) and short transport time (τ2) is 
desirable. As shown in Table 4.3, both NiO and PEDOT:PSS devices displayed a 
divergence of time constants, τ1 and τ2, indicating that ambient degradation affects 
charge transport predominantly by slowing down mobile carriers in transit while 
simultaneously increasing trapping. It is reasonable to assume that the latter is 
responsible for the increase in carrier transit time. These results are consistent with 
IMPS modelling results reported by Set et al. [15]. The observed decrease in Jsc would 
also suggest that the increased trapping results in greater recombination, thereby 
decreasing the quantum efficiency (as shown in Figure 4.10). Furthermore, NiO 
devices showed longer relaxation and shorter transport time constants, indicating more 
favourable conditions for carrier extraction in the as-prepared NiO devices. 
Such trap-assisted recombination have been assigned to O2 and H2O attack on 
the active layer, which is accelerated by the hygroscopic nature of PEDOT:PSS [16-
20]. Therefore, replacing PEDOT:PSS with chemically stable NiO interfacial layers 
has allowed enhanced device stability while achieving similar device performance to 
PEDOT:PSS interfacial layers.  
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Figure 4.9. The Bode Im(J) plot of IMPS measurements performed on 




Figure 4.10. Quantum efficiency measurements made of degrading devices with 





Table 4.3. Relaxation and transport time constants (τ1 and τ2) obtained from 
IMPS measurements. 
time/h τ1,PEDOT:PSS/ms τ2,PEDOT:PSS/μs τ1,NiO/ms τ2,NiO/μs 
0.5 0.22 2.86 - 1.23 
4 0.15 3.43 0.37 1.57 
10 0.10 3.74 0.24 1.75 
 
4.4 Conclusions 
We have demonstrated the effects of Rs and Rsh on OPV performance by 
systematically varying the thickness of solution-based NiO interfacial layers, 
incorporated in P3HT:PCBM devices. The NiO interfacial layers enhanced Jsc over 
PEDOT:PSS reference devices, which can be attributed to greater suppression of 
leakage currents by the NiO interfacial layer. The improved Jsc resulted in comparable 
performance between NiO and PEDOT:PSS devices. Device stability was found to be 
enhanced by the NiO interfacial layer. This phenomenon was studied by IMPS, which 
showed that ambient degradation predominantly affects charge transport through a 
simultaneous increase in the transit time of mobile carriers and trap-assisted 
recombination. Increased recombination accounted for the decreasing Jsc observed 
during the ambient degradation studied. These results show that the NiO interfacial 
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Chapter 5  
 
Origin of Hole Selectivity and the Role 
of Defects in Low Temperature 
Solution-Processed MoOx Interfacial 
Layer for Organic Solar Cells 
 
5.1 Preface 
In the previous chapter, thermal decomposition of a Ni-precursor was used to 
demonstrate thermal route for obtaining the p-type NiO HEL. NiO is a shallow energy 
level semiconductor that conforms to the traditional view of charge selectivity by well-
aligned energy levels (valence band to OSC HOMO), as shown in Figure 2.10 & 
Figure 4.2. The high temperatures used for thermal decomposition were, however, 
detrimental to Rsheet of the ITO substrates, which negatively impacted device series 
resistance. Lowering the oxide formation temperature to avoid this increase in Rsheet 
will not only benefit device performance, but will also increase the compatibility of 
wet chemical deposition routes with flexible polymer-based substrates. Therefore, this 
chapter will explore the use of H+ ions to catalyse the formation of molybdenum 
trioxide (MoOx) HEL at significantly lower temperatures of less than 180
oC. 
Interestingly, in contrast to NiO, it was found that MoOx HEL possessed high work 
functions, deep energy levels and were n-type despite their hole selective behaviour, 
(as demonstrated by successfully replacing PEDOT:PSS).  The mechanism for hole 
selectivity in MoOx with reference to its high work function and processing conditions, 
specifically O-vacancy doping, is discussed here. This understanding is expected to 




Molybdenum trioxide is a wide band gap material that exists as a semiconductor 
when O vacancies are present (MoOx). In its stoichiometric form, MoO3 is an insulator 
[1]. Various wet deposition approaches have been used to grow MoOx thin films. In 
the nanoparticle sol-gel approach, reported separately by Stubhan et al. [2] and Meyer 
et al. [3], pre-synthesized MoOx nanoparticles were dispersed to form a colloidal 
precursor that could be used to coat ITO substrates with MoOx films comprising 
densely packed nanoparticles. The challenge in this approach was in successfully 
dispersing the nanoparticles without the formation of large aggregates that could cause 
shorts through the thin active layer. 
An alternative, non-colloidal, sol-gel approach reported by Yang et al. [4] and 
Jasieniak et al. [5] involved the hydrolysis of soluble oxomolybdate precursors in 
ambient air. These approaches avoided particle aggregates suffered by the colloidal 
approach, but required annealing at 250 oC to achieve optimum device performance. 
Such elevated temperatures should be avoided as they were shown in the previous 
chapter to be detrimental to ITO conductivity. Consequently, wet deposition by 
thermal decomposition of a Mo metallorganic salt may also be ruled out.  
Lowering the oxide formation temperature will not only benefit device 
performance greatly, but will also increase the compatibility of wet deposition routes 
with flexible polymer substrates. Specifically, the spontaneous hydrolysis of certain 
Mo compounds at room temperature is indeed attractive for preparing MoOx films at 
low temperatures, but such precursors are often cumbersome to handle [6]. 
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In the presence of aqueous H+ ions, dissolved molybdate (MoO4
2-) ions are 
known to exist as polymolybdate species through a series of polycondensation 
reactions [7, 8]: 
7MoO4
2- (aq) + 8H+ (aq)  Mo7O24
6- (aq) + 4H2O (l) 
MoO4
2- (aq) + Mo7O24
6- (aq) + 4H+ (aq)  Mo8O26
4- (aq) + 2H2O (l) 
The polycondensation of hepta- and octamolybdates stated above is well 
understood and these species remain soluble in water at pH 3 – 7. However, by further 
addition of acid to these solutions, the eventual precipitation of insoluble MoOx will 
occur. Therefore, it is possible to solution process MoOx films at low temperatures 
through acidic molybdate precursor. An added benefit of this approach is the stability 
of molybdate solutions in ambient air. 
In its semiconducting form, MoOx films have been shown to be efficient hole 
extraction interfacial layers and hole injection buffer layers in OPVs and OLEDs, 
respectively [9-14]. Due to its association with positive carriers, it was usually 
assumed that MoOx is a p-type semiconductor, selectively extracting holes (by 
transporting them through its valence band) while blocking electrons with a shallow 
ionization potential of ~5.3eV and electron affinity of ~2.2eV [9, 15-20]. Recent 
literature, on the other hand, provides strong evidence that MoOx films are n-type with 
significantly deeper energy levels than previously assumed [3, 21-24]. 
Inspired by these reports, this chapter presents the performance of MoOx 
interfacial layers, wet deposited from an aqueous molybdate precursor, and 
investigates how such n-type films with deep energy levels could achieve hole 
selectivity in BHJ P3HT:PCBM OPV. This sol-gel approach avoids air-sensitive 
compounds as well as organic solvents (e.g. dimethylformamide (DMF), acetonitrile, 
2-methoxyethanol) previously reported [4, 6, 25]. Low annealing temperatures below 
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180oC were used to ensure the process’s compatibility with flexible plastic substrates 
like polyethylene naphthalate (PEN) and polyethylene terephthalate (PET). We studied 
the effects of MoOx annealing in air and N2 atmosphere on device performance and 
found that preannealing the MoOx films in an oxygen-deficient N2 environment 
enhanced device performance significantly, which can be attributed to gap states. 
Despite their hole selective nature, ultraviolet photoemission spectroscopy (UPS) 
reveals that the films are n-type. The observed hole selectivity can be explained by a 
surface field, caused by preferential doping of the BHJ at the MoOx/organic interface, 
and electron transport through MoOx gap states. 
5.3 Experimental Section 
5.3.1 Materials 
Ammonium heptamolybdate ((NH4)6Mo7O24), PEDOT:PSS solution, 
hydrochloric acid (HCl) and o-DCB were used without purification from Sigma 
Aldrich. IPA, regioregular-P3HT and PCBM were purchased from Alfa Aesar, Rieke 
Metals and Nano-C respectively. 
5.3.2 MoOx film deposition and device fabrication 
A 0.02 M (NH4)6Mo7O24 solution was prepared by dissolving (NH4)6Mo7O24 in 
water. In order to prepare a stable precursor solution without MoOx precipitates, HCl 
was added drop wise to the (NH4)6Mo7O24  solution and the pH was carefully 
monitored. 10% v/v IPA was then added to improve wettability of the precursor sol on 
pre-cleaned UV-O3 treated ITO. A final pH of 4 was observed to be optimum. This 
precursor was spin coated on pre-cleaned UV-O3 treated ITO substrates. During spin 
coating, water evaporates to cause a decrease in pH and concurrent prepitation of 
MoOx. The spin coated films were subjected to heat treatments at various temperatures 
for 30 min in air and in a N2-filled glove box (O2 and H2O < 1 ppm) to yield 40 nm 
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thick MoOx films. PEDOT:PSS solution (Sigma Aldrich) was filtered through a 0.45 
μm cellulose filter and subsequently spin coated at 5000 rpm for 60 s to obtain 40 nm 
thick films. The PEDOT:PSS films were baked at 140 oC for 20 min in air before they 
were transferred into the glove box. 200 nm BHJ layers were deposited onto the 
PEDOT:PSS and MoOx interfacial layers by spin coating a 21 mg/ml (1:0.8 w/w) 
P3HT:PCBM blend, dissolved in ortho-dichlorobenzene, at 800 rpm for 240 s in the 
glove box. Devices were completed by sequential thermal evaporation of 0.8 nm LiF 
or 30 nm Ca and 80-100nm Al cathode. A shadow mask was used during thermal 
evaporation to make 6 devices of 3 x 3 mm2 each per ITO substrate.  
5.3.3 Electrochemical Impedance Spectroscopy 
Devices were encapsulated before removing from the glove box for 
electrochemical impedance spectroscopy (EIS) measurements. The devices were 
illuminated by a white LED light source, calibrated by the supplied photodiode to an 
illumination intensity of 1 Sun. The EIS measurements were performed in potentiostat 
mode at potentials between 0 - 0.6 V within the frequency range of 0.1 Hz – 4 MHz. 
5.4 Results and Discussion 
5.4.1 Device performance 
The typical results of I-V measurements performed on MoOx and PEDOT:PSS 
devices are presented in Table 5.1. The annealing conditions for the MoOx interfacial 
layers are indicated in brackets. The data for LiF/Al and Ca/Al cathodes are presented 
for comparison (Figure 5.1). The results show that with the MoOx interfacial layer, 
enhanced FF and PCE over PEDOT:PSS devices could be achieved along with 
comparable Voc and Jsc. Notably, the choice of atmosphere for annealing the MoOx 
films was found to have significant impact on Jsc, FF and the shape of the J-V curve. 
When annealed in air, devices fabricated with the MoOx interfacial layer displayed a 
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distorted (sometimes called “S-shaped”) J-V curve that resulted in low FF, while those 
containing MoOx interfacial layers annealed in N2 displayed overall good performance 
(Figure 5.2). In particular, gentle annealing at 100 oC in N2 was sufficient to “activate” 
the MoOx film, so that the corresponding device performance for this film outperforms 
that of the MoOx film annealed at 180 
oC in air. These results point towards the 
importance of the oxygen deficient annealing step in optimising MoOx for OPV 
application. The effect of the O vacancies is to introduce gap states and the effects on 
charge transport are discussed Section 5.4.2 and 5.4.3. 
Table 5.1. Summary of photovoltaic performance values for PEDOT:PSS and 
MoOx devices fabricated in the course of this study. The annealing conditions for 









ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al 570 8.7 63 3.1 
ITO/MoOx (180
oC, 30min in 
N2)/P3HT:PCBM/LiF/Al 
560 8.9 68 3.4 
ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al 585 9.1 63 3.3 
ITO/MoOx (180
oC, 30min in 
air)/P3HT:PCBM/Ca/Al 
580 8.4 50 2.4 
ITO/MoOx (100
oC, 30min in 
N2)/P3HT:PCBM/Ca/Al 
550 8.5 63 2.9 
ITO/MoOx (140
oC, 30min in 
N2)/P3HT:PCBM/Ca/Al 
570 8.5 67 3.2 
ITO/MoOx (180
oC, 30min in 
N2)/P3HT:PCBM/Ca/Al 
580 8.7 69 3.5 
ITO/MoOx (220
oC, 30min in 
N2)/P3HT:PCBM/Ca/Al 




Figure 5.1. J-V curves of PEDOT:PSS and MoOx (180
oC, 30 min in N2) BHJ 
devices with LiF/Al and Ca/Al cathodes for comparison. 
 
Figure 5.2. J-V curves of MoOx devices, showing the effect of MoOx annealing in 
air and N2 conditions at various temperatures. MoOx films annealed in air display 
a characteristic S-kink and poor performance. Gentle annealing in N2 however, 
removes the S-kink and greatly improves FF and η. 
For samples annealed in N2, an improvement in FF, and consequently η, was 
observed as the annealing temperature was gradually increased. The optimum 
annealing temperature was found to be 180oC for 30 min in N2 and a significant FF 
(~69%) close to the theoretical maximum predicted for the P3HT:PCBM BHJ system 
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was achieved [26]. We also note that the Voc of devices prepared with Ca/Al cathode is 
higher than that of devices with the LiF/Al cathode, as generally observed [27, 28].  
Devices with the MoOx interfacial layer displayed enhanced stability over 
PEDOT:PSS devices in both ambient stability and light soaking tests (Figure 5.3). To 
differentiate between the effects of degradation due to atmospheric O2 / H2O and that 
from PEDOT:PSS etching of the ITO substrate, encapsulated devices were included in 
the stability tests. There is little degradation observed in the encapsulated MoOx 
devices under light soaking (halogen lamp, 1 Sun, 50 oC) which points towards 
stability of the O vacancies in the MoOx interfacial layer. This is consistent with recent 
observations made by Chiam et al [29]. In contrast, encapsulated PEDOT:PSS devices 
suffered ~50% degradation in efficiency in the first 24 h of the stability tests, which is 
due to the etching of the ITO substrate by PEDOT:PSS [30]. Therefore, similar to the 
results previously observed with NiO HEL, the acid precipitated solution processed 
MoOx HEL enhanced device stability over PEDOT:PSS. 
 
Figure 5.3. Device stability test of encapsulated devices soaked under a halogen 
lamp (open symbols, 1 Sun, 50 oC) and in dark, ambient conditions (closed 
symbols, 25 oC, 40% RH). 
  
5.4.2 Structural and elemental
 
Figure 5.4. Thin film XRD of ITO/MoO
200 oC and 300 oC for 10min in air. The films do not display crystalline peaks 
(indicated by pink columns extracted from JCPD
corresponding to only the ITO substrate detected.
Figure 5.5. 2 x 2 μm atomic force micrographs were used to determine RMS 
roughness (3D height image, left) and image the morphology of the as
MoOx films (phase image, right).
To understand the mechanism behind the differences in performance observed 
between air- and N2-annealed MoO
such films were analyzed with XRD, AFM 
displayed no difference in crystallinity and surface roughness, remaining amorphous 
up to 300oC (Figure 5.4), and possessed 
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very low RMS roughnesses of 1
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defined structure, which is expected for solution deposited films (Figure 5.5). A large 
optical band gap of 3.7 eV was obtained from the Tauc plot shown in Figure 5.6; 
consequently, the MoOx films displayed high %WAT of > 80 %. 
 
Figure 5.6. (a) The Tauc plot of (αhν)1/2 versus hν was used extract a band gap of 
3.7eV for the as-prepared MoOx films, where α is the absorption coefficient and 
hν is photon energy; (b) transmittance of ITO, MoOx deposited on ITO 
(ITO/MoOx), and PEDOT:PSS deposited on ITO (ITO/PEDOT:PSS).  
The results of XPS analysis of the MoOx samples are shown in Figure 5.7. The 
Mo 3d5/2 and 3d3/2 core level binding energies at 232.4 eV and 235.5 eV correspond to 
Mo6+ species. Additional peaks were observed at 231.3 eV and 234.4 eV in N2 
annealed samples. These values correspond to the binding energies previously reported 
for Mo 3d5/2 and 3d3/2 emissions of Mo
5+ species [31-36]. Since oxygen stoichiometry 
in a metal oxide is dependent upon its equilibrium with its surrounding atmosphere, 
the presence of Mo5+ in the N2-annealed, but not in the air-annealed samples, can be 
attributed to the generation of O vacancies [29]. This is consistent with stoichiometric 
evaluation of the MoOx samples, which showed that x = 2.95 and 2.81 for air annealed 
and N2 annealed samples, respectively. 
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Figure 5.7. Mo 3d XPS spectra for as-prepared MoOx interfacial layers annealed 
in air and N2. Low temperature annealing in a N2 atmosphere causes the 
formation of Mo5+ and Mo4+ species, associated with O-vacancies. 
Table 5.2. Overview of area under Mo 3d and O 1s curves and relative sensitivity 
factor (R.S.F) of Mo and O respectively.  
 Area Mo 3d Area O 1s R.S.F. O:Mo x 
air annealed MoOx 62208 42896 0.78:3.321 2.95 
N2 annealed MoOx 19389 12797 0.78:3.321 2.81 
 
Impurities such as vacancies in semiconductors often introduce new energy 
states not present in its host material. To investigate if the O vacancies introduced by 
the N2 annealing step affected the energy levels of the MoOx films, ultraviolet 
photoemission spectroscopy (UPS) was performed and the results are shown in Figure 
5.8. Emission onset and secondary electron cut-off positions with respect to the Fermi 
level are demarcated with black lines. Work function values were measured to be 5.1 
and 5.4 eV for samples annealed in air and N2 respectively, and the corresponding 
ionisation potentials (IP) were determined to be 7.6 and 8 eV. Electron affinities (EA) 
were obtained by subtracting Eg from IP and calculated to be 3.9 and 4.3 eV for the 
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films annealed in air and N2 respectively. Notably, closer inspection of the UPS 
spectrum revealed emissions from gap states close to the Fermi level for the sample 
annealed in N2, which may be attributed to the O vacancies detected by XPS (Figure 
5.8b). Using the information above, the energy structures of the MoOx films were 
constructed and presented in Figure 5.9. The diagram clearly shows the Fermi level 
displaced towards the conduction band and the films were consequently n-type. The 
energy levels were significantly deeper than previously assumed, which is consistent 
with recent reports [3, 21-24]. 
 
Figure 5.8. a) UPS measurements of as-prepared MoOx interfacial layers 
annealed in air and N2 at 180
oC for 30min and b) closer view of UPS 
measurements for the MoOx interfacial layers that reveals emissions from gap 
states for the sample annealed in N2. The black lines demarcate emission onset 
and secondary cut-off values used to extract valance band edge and work 
function values. The binding energy is given with respect to the Fermi level. 
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Figure 5.9. Energy level structure of as-prepared MoOx interfacial layers, 
determined by UPS measurements. 
5.4.3 Mechanism of hole selectivity in high work function MoOx 
interfacial layers 
The large work function of MoOx is known to induce spontaneous charge 
transfer from an organic semiconductor to MoOx [23, 37] in accordance with the 
integer charge transfer (ICT) theory [38-40]. This results in band bending at the 
MoOx/organic interface, supported by polarized charge transfer (CT) states, which has 
been reported for various organic semiconductors including polymers and fullerenes 
[23, 24, 41-46]. CT states can be detected by their characteristically long infrared 
wavelength absorptions. Figure 5.10 shows the ultraviolet/visible/near-infrared (UV-
vis-NIR) absorption measurements of as-prepared ITO/MoOx/P3HT, 
ITO/MoOx/PCBM and ITO/MoOx/P3HT:PCBM samples. The results have been 
normalized to the absorption of the ITO/MoOx stack in order to identify the absorption 
from the bulk organic layer and the corresponding MoOx/organic interface. Broad 
absorption peaks outside the absorption of P3HT and PCBM were observed at ~900nm, 
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~850nm and ~1000nm for P3HT-only, PCBM-only and BHJ samples respectively. 
These long wavelength absorption peaks have been assigned previously to P3HT and 
fullerene CT states [23, 47-49] and such localized states at the MoOx/organic interface 
results in band bending at this interface. 
 
Figure 5.10. UV-vis-NIR absorption spectra showing broad absorption (charge 
transfer band) in ITO/MoOx/P3HT, ITO/MoOx/PCBM and 
ITO/MoOx/P3HT:PCBM samples. The results have been normalized to the 
absorption of ITO/MoOx to identify the absorption of the organic layer and the 
corresponding MoOx/organic interface. 
Based on the above results, the energy level diagram of the BHJ devices 
studied may be constructed as shown in Figure 5.11. Band bending is shown at the 
MoOx/organic interface and the BHJ is represented by the HOMO and LUMO of 
P3HT and PCBM respectively, according to the metal-insulator-metal (MIM) model 
[50]. Under illumination, the surface field at the MoOx/organic interface acts as an 
electron limiting barrier [51], pushing electrons away from and pulling holes towards 
the MoOx layer, thus facilitating the hole extraction observed (as opposed to rejection 
of electrons by a high conduction band edge as in the case of p-type metal oxides e.g. 
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NiO [52]). Notably, holes are not transported to ITO through the valence band of 
MoOx because of its significantly deeper valence band edge. Instead electrons are 
transported from ITO to the BHJ through MoOx gap states with subsequent 
recombination with holes. The enhancement in FF by annealing in N2 can therefore be 
explained by enhanced electron transport through gap states in the MoOx layer.  
 
Figure 5.11. Energy level diagram for BHJ OPV devices, illustrating electron 
transfer through MoOx gap states and the electron-limiting surface field formed 
at the MoOx/organic interface for devices under illumination. 
The influence of the gap states on charge transport was further studied by EIS 
performed on illuminated MoOx devices in potentiostat mode at potentials of 0.1 – 0.5 
V. The EIS results for the N2-annealed MoOx devices are shown in Figure 5.12. The 
scatter plots are that of the measurement raw data, while the solid lines are fits based 
on the equivalent circuit model shown in Figure 5.12(d). This model, developed by 
Leever et al. for ideal OPV devices, has two characteristic time constants 
corresponding to the geometric resistance and capacitance (R1C1), as well as the non-
geminate recombination time constant of photogenerated carriers in the bulk (R2CCPE) 
  
[53]. These time constants correspond to and may be extracted from the frequency at 
each maxima (fmax) of the Bode plot (τ = 1/2π
developed based on ideal OPV dev
efficiency N2-annealed MoO
Figure 5.12. EIS measurement results of illuminated MoO
N2-annealed MoOx interfacial layers are shown for various potentials between 0.1 
– 0.5 V. The Nyquist plots are presented in (a) and (b), which is a magnified view 
of the region close to the origin. The Bode plot is presented in (c). The maxima in 
the Bode plot may be used to extract relevant time constants. The scatter plots are 
that of the raw measurement data, and the solid lines are fits based on the model 
shown in (d). The fitting error is < 2 %.
Leever’s model, however, does not provide satisfactory 
MoOx devices. The EIS results for these devices indicate
than two, characteristic time constants.
extending Leever’s model 
Figure 5.13. Of these three time constants, t
prescribed in Leever’s model i.e.
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fmax). Since Leever’s model was 
ices, as expected, the EIS measurements of the 




d the presence of three, rather 
 Therefore, a good fit could be achieved by
with another parallel R-C component (R3
wo could be assigned 







CCPE3) as shown in 
to those already 
 (τ1) and non-
  
geminate recombination time c
the best of our knowledge, has not been reported in literature
Figure 5.13 shows the difference in goodness of fit of the p
measurements from air-annealed MoO
extended-Leever’s model. For both
model, which describes only two time constants,
fit. The raw data, however, displayed t
geometric relaxation time, non
geminate recombination at the MoO
events with unique time constants, the deconvolution o
that the mechanism for R3CCPE3 
recombination event. Notably, τ
s). We ascribe R3CCPE3 to Langevin
involving relatively immobile holes, pinned by the surface field, and mobile electrons 
in the BHJ. This interpretation supports the physical model for hole extraction through 
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onstant in the BHJ (τ2). The third time constant
. Since EIS elucidates 
otentiostat EIS 
x devices using a) Leever’s model and b) 
 the Nyquist (b, e), Bode plots (c, f), 
 failed to provide a satisfactory 
hree time constants that were attribute
-geminate recombination in the BHJ and non
x/BHJ interface. 
f R2CCPE2 and R3CCPE3 
is different from that of the non-geminate R
3 (~10
-4 s) is an order of magnitude larger than τ
-type recombination at the MoOx/BHJ interface 











MoOx gap states and provides insight into the influence of MoOx gap states on 
photogenerated charge carrier lifetime during device operation. This interpretation 
could be extended to other deep work function HEL (e.g. V2O5, WO3 etc.) due to the 
non-ideal energy level alignment between the BHJ HOMO and valence band of these 
materials [29, 54, 55]. 
5.5 Conclusions 
In summary, MoOx interfacial layers were successfully prepared by a low 
temperature approach. H+ species were used to precipitate the oxide film formation at 
room temperature. A post-deposition annealing step in an oxygen-deficient 
environment (O2 < 1 ppm, N2 atmosphere) was used to “activate” the films to achieve 
significantly enhanced charge selective performance of the MoOx interfacial layers.  
This improvement was related to O-vacancies formation, as revealed by XPS. Energy 
level measurements (UPS) further revealed gap states that correspond to the presence 
of O-vacancies, and that the MoOx films were n-type with deep energy levels, despite 
their hole selective behaviour. The deep energy structure of MoOx induced an electron 
limiting surface field at the MoOx/organic interface in P3HT:PCBM OPVs to achieve 
hole selectivity, and device performance was supported by electron transport from ITO 
through the gap states. This interpretation was supported in part by optical absorption 
and impedance spectroscopy measurements. 
Finally, devices with the MoOx interfacial layer displayed enhanced device 
performance and stability over reference PEDOT:PSS devices, achieving a 
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Chapter 6  
 
Aqueous electrodeposited WOx hole 
transport layer for organic solar cells 
 
6.1 Preface 
In the previous chapter, emphasis was placed on studying the mechanism behind 
hole selectivity in high work function MoOx and the role of O vacancies was 
elucidated. WOx has similar physical and chemical properties as MoOx. Drawing upon 
the findings established in the previous chapter, this chapter will focus on using 
electrodeposition to prepare WOx as HEL. Due to the similarities between W and Mo 
chemistries, by designing a suitable deposition procedure for WOx in this chapter, a 
similar chemical approach may be expected to be feasible for  MoOx as well. The 
benefits of cation impurity removal are discussed in contrast to spin coating and 
anodization. Refined thickness control in steps of 3-5 nm is demonstrated. Finally, the 




Tungsten (W) is a transition valve metal and its oxides have been studied as n-
type electrodes for several applications including photocatalysis [1], electrochromics 
[2, 3] and dye-sensitized solar cells [4]. It shares similar traits with MoO3, which has 
been discussed in the previous chapter: (1) its trioxide (WOx) is an n-type 
semiconductor doped by oxygen-vacancies, (2) it possesses deep energy levels and a 
wide band gap of ~ 3 eV [4-6], (3) has been explored as an efficient hole extraction 
layer in OLEDs and OPVs [7-9] and (4) similar proton chemistries [10, 11]. 
Until recently, the solution fabrication of WOx interfacial layers had not been 
widely reported for OPV applications [6, 8, 12, 13], with earlier studies focusing 
mainly on vacuum deposition processes [9, 14]. Several groups have reported the 
preparation of WOx HEL by hydrolysis of hygroscopic precursors like tungsten 
alkoxide and tungsten chlorides [8, 12] as well as spin coating films from a 
nanoparticle colloid of WOx in appropriate solvents [6, 13]. An alternative approach 
involves electrochemical deposition techniques, which are conveniently and widely 
explored for the preparation of WOx films for electrochromic and photocatalytic 
applications. Typically, a peroxy-tungstate complex is prepared by dissolving W metal 
in H2O2 or by adding H2O2 to Na2WO4 or H2WO4 (tungstic acid, prepared by proton 
exchange of Na2WO4). WOx films prepared by such methods are usually porous, 
which is desirable for the intended applications, but incompatible with requirements 
for OPV interfacial layers, that should be compact and smooth. Alternatively, 
electrochemical anodization of W metal has been explored for WOx preparation. WOx 
formation through anodization can be understood in terms of two competing processes: 
oxide growth by reaction with an oxygen donor, typically water, and oxide dissolution 
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by halogen etchants such as F- and Cl-. Films prepared this way were also reported to 
be porous and rough [15, 16]. 
In this work, we explore the deposition of WOx interfacial layers by three 
different aqueous solution-based approaches: physical coating, anodization of W metal 
and electrochemical reduction of peroxy-tungstate complex. The first approach takes 
advantage of the instability of WO4
2- in acidic environments, where they are gradually 
converted into equilibrium mixtures of isopolytungstates through a series of 
condensation/polymerization reactions [17-19] that eventually yield WOx in 
sufficiently acidic environments [20-23]. We observed the anodization of W metal to 
produce the roughest films that are unsuitable for OPV application, even in the absence 
of halogen etchant species. Lastly, electrochemical reduction of the peroxy-tungstate 
complex yielded blue protonated tungsten bronze (HxWO3) films that may be 
thermally or electrochemically deprotonated to obtain WOx. Electrodeposition allows 
extremely precise thickness control and at the optimized thickness of 15nm, the best 
power conversion efficiency of 3.63% was achieved. 
6.3 Experimental Details 
6.3.1 Materials 
Sodium tungstate (Na2WO4), P3HTand PCBM were purchased from Alfa Aesar, 
Rieke Metals, and Nano-C and used without further purification. Ammonium tungstate 
((NH4)10W12O41), o-DCB, nitric acid (HNO3) and sulphuric acid (H2SO4) were used as 
received from Sigma Aldrich. PEDOT:PSS was obtained from H.C. Starck. 30% v/v 
H2O2 was purchased from Merck. ITO substrates (20 Ω/sq, Xinyan Technology Ltd.) 
were cleaned by successive sonication of 20min each in DECON90, deionised water, 
acetone and IPA. The substrates were dried with a N2 airgun and UV-O3 for 20 min 
before use. 
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6.3.2 Preparation of WOx films by spin coating 
 
Figure 6.1. Schematic representation of WO4
2- ionic precursor and the spin 
coating process involving protons to form WOx interfacial layers. 
A 25 mM Na2WO42H2O precursor solution was prepared by dissolving 
Na2WO42H2O in water. H2SO4 was then used to adjust the pH between 2.5 to 5.0. 5 
mM (NH4)10W12O41 solutions were prepared by dissolving (NH4)10W12O41 in water at 
90 oC, to aid dissolution. This creates a quasi-stable solution that was used quickly 
upon cooling to room temperature as the saturated solution begins to crystallize. 
Attempts to achieve greater concentrations were not successful due to limited 
solubility of the ammonium salt. The solutions were dispensed onto UV-O3 treated 
ITO substrates for spin coating. The spin-coated films were subsequently subjected to 
heat treatments at various temperatures for 30 min in air or in a N2-filled glove box. 
6.3.3 Preparation of WOx films by cathodic reduction of peroxo-
tungstate precursor 
Peroxo-tungstate precursors were prepared according to the procedure 
previously reported by Pauporte [24]. Briefly, a 25mM peroxo-tungstate precursor was 
prepared by dissolving Na2WO42H2O in water with an equimolar amount of H2O2. 
The pH of the resulting solution was adjusted to within the range of 1.7 to 3.0 using 
HNO3. A three electrodes electrochemical setup consisting of Pt-foil counter electrode, 
ITO working electrode and SCE reference electrode was used for film deposition 
preparation. 
  
For deposition voltages of 
sufficiently acidic for deposition to occur and no films we
successfully deposited at pH 1.7 and 2.0. V
form in the solutions with
were no precipitates observed in for
otherwise stated, deposition was performed with the peroxo
2.0. The films were then annealed before use for device fabrication.
6.3.4 Preparation of WO
A tungsten oxalate precursor was prepar
solution of 25mM Na2
was deposited on ITO by cathodic reduction of this solution at 
counter electrode and SCE (saturated calomel electrode) refe
resulted in the formation of W metal films of 10 
was performed in various solvents: water, dimethylformamide (DMF) and ethylene 
glycol, in the absence of halogen species.
Figure 6.2. Schematic of 
working electrode while a Pt
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-0.6 to 0 V, it was found that pH 3.0 was not 
re obtained. Films were 
isible precipitates, however, 
 pH 1.7 after leaving to stand for several hours, while there 
 the pH 2.0 and 3.0 solutions. Hence, unless 
-tungstate solution at pH 
 
x films by anodization 
ed by adding H2C
WO42H2O (pH ~ 8) until a pH of 4.0 was obtained. W metal 
-1.3 V using Pt
rence electrode.  This 
– 30 nm on ITO. Anodization of W 
 
three-electrode setup used in this study.
-foil electrode was used as the counter electrode.
were found to 
2O4 to an aqueous 
-foil 
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6.3.5 OPV cell fabrication and property measurement 
WOx films were subjected to heat treatments at various conditions (details 
provided in Results and Discussion). PEDOT:PSS solution was filtered through a 0.45 
μm cellulose filter and spin-coated at 5000 rpm for 60 s to obtain 40 nm thick 
PEDOT:PSS films. The PEDOT:PSS films were subsequently dried at 140 oC for 20 
min in air before transferring to the N2-filled glove box. 200 nm BHJ layers were 
deposited onto the PEDOT:PSS or WOx interfacial layers by spin coating a 21 mg/mL 
P3HT:PCBM blend dissolved in o-DCB (1:0.8 w/w) at 800 rpm for 240 s in the glove 
box. Devices were completed by sequential thermal evaporation of 30nm Ca and 80-
100 nm Al cathode at a pressure of 1-2 x 10-6 mbar. A shadow mask was used during 
thermal evaporation to make 4 devices of 11 mm2 each per ITO substrate. Devices 
were encapsulated with UV-curable epoxy (Epotek) before current-voltage 
measurements were carried out in air. A Keithley 2400 sourcemeter and a solar 
simulator calibrated to 1 Sun, AM1.5G were used for device I-V measurements. X-ray 
photoelectron spectroscopy (XPS) measurements were performed using 
monochromatised Al Kα at 1486.71eV on a Kratos AXIS UltraDLD system. 
6.4 Results and Discussion 
6.4.1 Spin coated WOx films 
6.4.1.1 Device performance 
Figure 6.3 shows the J-V measurements of P3HT:PCBM devices with spin 
coated WOx HEL. In general, the J-V curves were distorted by an “S-kink”, with the 
exception of the WOx HEL that was heat-treated at 300 
oC in N2. It may be noted that 
significant improvements in FF and Jsc were achieved with increased annealing 
temperature in N2 atmosphere, while this was not observed in air-annealed WOx films. 
These observations were similar to those found with solution processed MoOx HEL 
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reported in Chapter 5. Since WOx is an n-type hole selective layer with similar band 
structure with other deep energy level hole selective metal oxides such as MoOx and 
V2O5, the above observations could be expected to relate to O-vacancies formation 
caused by annealing in an oxygen deficient environment.  
 
Figure 6.3. J-V performance of P3HT:PCBM devices fabricated using WOx 
annealed at various conditions. 
6.4.1.2 Effect of heat treatment & impurities – elemental analysis 
To investigate if N2 annealing of WOx could encourage O-vacancies as in the 
case established by previous works on MoOx [25], XPS was performed and the results 
are shown in Figure 6.4. The W 4f core level binding energies at 37.8 eV and 35.7 eV, 
present in both samples, correspond to W6+ species of WOx while the peaks at 35.4 eV 
and 37.5 eV can be assigned to W5+ species associated with a reduced oxygen deficient 
sample [26, 27]. The absence of W6+ peaks at 34.6 eV and 36.7 eV confirms the 
absence of the Na2WO4 precursor. Together with device J-V performance curves, these 
results show that O-vacancy doping achieved by N2 atmosphere annealing benefits 




Figure 6.4. W 4f XPS spectra of Na2WO4 powder (precursor, bottom), as-
deposited WOx films annealed in air (middle) and as-deposited WOx films 
annealed in N2 (top) at 200 
oC. The results confirmed the successful deposition of 
WOx films with the absence of Na2WO4 impurities.  
 Despite the benefit of N2 annealing, strong Na 1s signals were detected in XPS 
(discussed later in section 6.4.2.1) and spin coated WOx devices displayed overall poor 
performance. As Na+ and SO4
2- species do not participate in the acidic polymerization 
of WO4
2-, they remain as salt impurities that negatively impact device performance. 
Attempts to remove these water-soluble impurities by washing in water were not 
successful, as the spin coated film would be completely removed as well. Unlike the 
NH4
+ salt studied in the previous chapter, heat treatment here did not remove the 
sodium impurities since thermal decomposition of sodium sulphate occurs at 









The positively charge Na+ ions can act as traps or recombination sites for oppositely 
charged electrons, which resulted in the obvious poor Voc obtained. Thus, removing the 
Na+ ions from the WOx film is necessary for efficient device performance. 
6.4.2 Electrodeposited WOx films: peroxo-tungstate precursor 
 
Figure 6.5. Schematic diagram of the peroxo-tungstate precursor and ingredients 
(H+ & voltage source) necessary for WOx electrodeposition. 
 Cathodic electrodeposition of WOx films from the peroxo-tungstate (W2O11
2-) 
precursor had been widely reported for electrochromic applications. By applying a 
positive potential to the deposited film, Na+ impurities can be removed from the 
deposited film derived from Na2WO4 precursor. This generally results in thick and 
porous films and optimisation of the deposition process for OPV interfacial layers has 
not been reported. 
 H+ ions are actively involved in the deposition process that is pH dependent and 
the reaction mechanism may be expressed as [24]: 
W2O11
2- + (2+x)H+ + xe- → 2WO3 + (2+x)/2 H2O + (8-x)/4 O2 
Electrochromic WOx films were often reported to be thick and porous so as to enhance 
colour density and rapid intercalation of H+, Na+ or K+ cations for rapid colour 
changes; properties which are desirable for electrochromic applications [28-32]. 
Deposition by galvanostat and cyclic voltammetry were often employed. During the 
cathodic film deposition, a blue colouration was often reported in the as-deposited film 
due to entrapped H+, Na+ or K+ cations used in the precursor. Since light must pass 
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through the electrodeposited WOx film to be absorbed by the BHJ, it is necessary to 
bleach the coloured WOx films to achieve a colourless and wide band gap HEL using 
the following reaction: 
MxWO3 (blue) ↔ x M
+ + WO3 (colourless) + x e
- 
where M may be H+ , Li+ and/or Na+ species. 
 
Figure 6.6. Typical current-voltage response measured during WOx 
electrodeposition (left). In the anodic cycle, blue films corresponding to the 
deposition of electrochromic MxWO3 (where M: Na
+ or H+) on ITO were 
observed. The cations were removed by applying a cathodic potential to obtain a 
bleached transparent film. 
 Figure 6.6 shows the typical cyclic voltammogram used to deposit the WOx 
HEL in this study. The voltage was swept from 0 V towards -0.6 V and a blue film 
was observed to deposit on ITO. This blue colouration had been previously assigned to 
electrochromic MxWO3, where M may be H
+ and Na+ species absorbed in the WOx 
matrix [2, 24]. As the applied voltage was swept from -0.6 to 0.6 V, the anodic current 
peak at ~ 0.15 V corresponds to the simultaneous removal of Na+ and H+ ions and 
bleaching of MxWO3 to form a colourless WOx film. No further changes were 
observed from 0.6 V to 0 V. After the applied voltage returned to 0 V, the films were 
washed using de-ionised water and dried with an air gun before subsequent heat 
treatment.  
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6.4.2.1 Structural & elemental characterization 
The removal of Na+ impurities and successful deposition of WOx was 
confirmed with XPS. The W 4f core level binding energies of the as-deposited film at 
37.8 eV and 35.7 eV obtained correspond to those of WOx [27, 28] while the Na 1s 
core level binding energy at 1071.5 eV revealed significantly reduced Na+ impurities 
in the electrodeposited WOx films compared to spin coated films. Due to this reduction 
in Na+ impurities, significantly enhanced device performance was achieved with 
electrodeposited WOx films (section 6.4.2.2). In addition, the absence of W
5+ species, 
which are necessary for the charge conservation of MxWO3, confirms the successful 
deposition of only WOx. 
 
Figure 6.7. Top: W 4f XPS results of electrodeposited WOx interfacial layers. The 
binding energies correspond to that of WOx, showing the successful 
electrodeposition of WOx films. Bottom: Na 1s XPS spectra of electrodeposited 
and spin coated WOx samples. The results showed the successful removal of Na
+ 
impurities in electrodeposited WOx films by applying a positive anodic potential 
after film deposition. 
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The thickness of the WOx films (δwox) obtained was measured against the 
number of deposition cycles and the results are presented in Figure 6.8. The results 
demonstrate several clear advantages of the electrodeposition approach – (1) low film 
thickness; (2) linear relationship between film thickness and deposition cycles that 
allows facile thickness control and (3) extremely fine thickness control. 
The morphology of the electrodeposited WOx films was imaged by AFM 
(Figure 6.9). Unlike spin coated films studied before, electrodeposited WOx films 
possess well defined structures. Nuclei were observed to form as white spots across the 
substrate after the first deposition cycle (δwox = 5 nm), but there was incomplete 
substrate coverage at this stage. Subsequent deposition cycles resulted in the formation 
of spherical grains of ~30 nm in diameter and a roughened surface texture. The RMS 
roughness of the WOx films evaluated from the AFM images is 1.7 nm for a 5 nm film, 
2.9 nm for 15 nm film, and 3.3 nm for a 25 nm film. Thus, the films became rougher as 
thickness increased. 
 
Figure 6.8. Thickness of electrodeposited WOx films with respect to number of 
deposition cycles performed by cyclic voltammetry. 
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Figure 6.9. AFM images of the ITO substrate and electrodeposited WOx films 
used in this study. 
 
Figure 6.10. XRD results for electrodeposited WOx films annealed at various 
temperatures in air. ITO peaks are marked by (*). 
WOx is a complicated material with respect to its crystal structure because it 
can exist in several structures such as amorphous, monoclinic, triclinic and hexagonal 
for pure and oxygen deficient WO3, depending on preparation conditions [33]. 
Crystalline films of oxides have also been reported through electrodeposition (e.g. 
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MnO2 [34]). It is therefore important to characterise the crystallinity of the 
electrodeposited films. Figure 6.10 shows the XRD results for electrodeposited WOx 
films annealed at various temperatures in air. At higher annealing temperatures, the 
films began to exhibit crystallinity as indicated by the peaks at 2θ = 23.5o and 24.6o, 
that correspond to the (0 2 0) and (2 0 0) planes of monoclinic WO3, respectively 
(JCPDS # 830950). The peak positions at 300 oC and 400 oC were the same, which 
indicated no phase transition, while the sharp increase in peak intensity at 24.6o 
indicated preferred (2 0 0) orientation. At 200 oC, no crystalline WOx peaks were 
detected, indicating that the films used for device fabrication were largely amorphous. 
 For efficient utilization of the solar spectrum in OPV device, the WOx HEL 
interfacial layer should provide high transmittance. The WOx optical properties were 
measured from UV-vis measurements, where absorption coefficients were calculated 
from transmission data. As shown in Table 6.1, the transmittance of the WOx  films 
studied were well above 80% and superior to that of ITO. The %WAT data were 
calculated from UV-vis measurements (shown in Figure 6.11), which showed a red 
shift in the WOx transmittance with increasing thickness. The high transmittance of the 
WOx films can be attributed to their large band gap of ~3.6 eV that was extracted from 
the Tauc plot (Figure 6.11).  
Table 6.1. Weight-average-transmittance (%WAT) of ITO and ITO/WOx films, 
demonstrating the high transmittance of the electrodeposited films across the 
range of thicknesses studied. 









Figure 6.11. UV-vis measurements of ITO and ITO/WOx films (left) were used to 
calculate %WAT of the ITO/WOx films across the thicknesses studied. A Tauc 
plot (right) was used to extract the band gap of the as deposited WOx films, 
which was determined to be ~3.6 eV. 
6.4.2.2 Device performance 
The effect of δwox on device performance is presented in Figure 6.13 and Table 
6.2. Device performance was observed to depend significantly on δwox, with the 
optimum thickness occurring at 15 nm. This sensitivity to δwox could be observed by 
plotting device efficiency against δwox in steps of 3 or 6 nm (Figure 6.13, right). A 
corresponding trend in Rs / Rsh, which was lowest at 15 nm and greater at all other δwox 
values, was also noted. In conjunction with AFM mapping of the WOx films (Figure 
6.9), the optimum thickness of 15nm can be explained as follows: 
1. For δwox < 15 nm: there was insufficient coverage of the ITO substrate so that 
the ITO substrate was poorly passivated. Indeed, the device parameters for 
such devices converge towards the Voc, FF and Jsc values observed for devices 
without interfacial layer. 
2. For δwox > 15 nm: the trend of decreasing Jsc and FF with increasing 
WOx thickness was clearly noted. No significant changes in transmittance 
(Table 6.1) and series resistance (Table 6.2) were observed. The WOx films 
here, however, were significantly rougher than thinner films. Smooth and 
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uniform morphology of the WOx interfacial layer (e.g. 15 nm WOx as 
confirmed by AFM in Figure 6.9) encourages intimate electrical contact at the 
BHJ/WOx interface while increased roughness led to increase in Rs due to the 
presence of voids, which act as dead zone that forbid current conduction 
(Figure 6.12). These results emphasized the importance of interfacial layer 
morphology (roughness) on OPV device performance. Hence, optimizing the 
thickness of the electrodeposited WOx films involved a trade-off between film 
roughness and having sufficient coverage of ITO. 
 
Figure 6.12. This image shows the impact of interfacial layer roughness on the 
contact between the BHJ and WOx interfacial layer.  Smooth and uniform 
morphology of the WOx interfacial layer encourages intimate electrical contact at 
the BHJ/WOx interface (top) while increased roughness led to increase in Rs due 
to the presence of voids, which act as dead zone that forbid current conduction. 
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Figure 6.13. J-V curves of WOx devices, showing the influence of WOx thickness 
on device performance (left). The corresponding device efficiencies are shown 
(right). The window of opportunity for maximum device performance is narrow, 
thus highlighting the unique advantage of precise thickness control which 
electrodeposition offered in this study. 
Table 6.2. Summary of P3HT:PCBM device performance against thickness of 
WOx HEL. The WOx HELs were annealed at 200 
oC in N2 for 30 min. 
Interfacial layer 
Voc 
(+ 20 mV) 
Jsc 
(+ 0.7 mA cm-2) 
FF 
(+ 3 %) 
η 







330 5.4 48.7 0.87 - - 
5 nm WOx 350 7.0 51.8 1.28 18.6 0.55 
8 nm WOx 505 7.1 50.8 1.82 22.7 0.77 
11 nm WOx 540 8.0 63.5 2.75 3.7 0.81 
15 nm WOx 585 9.0 66.4 3.47 1.6 2.66 
18 nm WOx 560 8.2 60.9 2.70 2.4 1.40 
24 nm WOx 550 6.4 60.0 2.18 4.2 0.65 
40 nm 
PEDOT:PSS 
580 8.9 59.1 3.12 1.7 1.6 
6.4.3 WOx films prepared by anodization of W metal 
The final approach explored for preparing WOx was electrochemical 
anodization. Anodic oxidation of tungsten has been widely applied industrially as a 
means to passivate its surface for increased corrosion resistance. Various authors have 
reported on the morphology dependence of WOx films with varying solvent and 
additive choices. Halogen etchants such as Cl- and F- encourage the formation of 
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porous films [15, 35, 36]. These etchants form soluble complexes with WOx that 
dissolve to increase porosity. Films fabricated this way are often porous, rough and 
unsuitable for OPV application. Furthermore, Tacca et al. showed that solvent choice 
can significant affect film morphology as well (Figure 6.14) [15]. Polar organic 
solvents such as NMF, when mixed with water, could influence the roughness of the 
WOx film. Polar solvents enhance the applied electric field at the film surface so as to 
facilitate the migration of O2- species further into the metal film. 
To the best of our knowledge, there appears to be no reports on WOx HEL 
deposition by anodization. Specifically, it was not known if anodized WOx films 
would possess desirable structural properties at the nanometer regime. Therefore, 
anodization was used to prepared WOx films and their structural properties were 
assessed by SEM. Three different electrolytes were chosen for this study on the basis 
of their high dielectric constant: DMF, ethylene glycol and water. To ensure the 
formation of smooth films, only halogen-free electrolytes were used during the 
anodization step.  
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Figure 6.14. SEM images of surface (left) and cross section (right) of anodized 
WOx films, showing the effect of solvent mixture ((a) 10 % H2O : 90 % NMF, (b) 
20 % H2O : 80 % NMF, (c) 30 % H2O : 70 % NMF, (d) 40 % H2O : 60 % NMF). 
Scale bars are in 1 μm. Figure adapted from [15]. 
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Figure 6.15. SEM images of electroplated W metal and WOx films formed by 
anodic oxidation of the W metal in DMF, H2O and ethylene glycol electrolytes 
(clockwise order). 
Metallic W films were obtained by anodic reduction of an oxalate-tungstate 
precursor at -1.3 V. The metallic films obtained in this manner were seen to be smooth 
with thickness ranging 10 – 30 nm (Figure 6.15). Anodization in ethylene glycol 
resulted in a slight roughening of the film, while DMF and H2O caused dramatic 
increase in film roughness. Of these three electrolytes, DMF seemed to be the most 
promising with the formation of notable smooth patches. However, the film 
roughnesses obtained were in stark contrast to WOx films derived from the peroxo-
tungstate precursor. Hence, anodization was deemed unsuitable for further studies and 
no devices were fabricated with these anodized films. 
6.5 Conclusions 
This chapter discusses electrodeposition of WOx HEL from an aqueous precursor. 
WOx was chosen due to its similar physical and chemical properties as MoOx, while 
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electrodeposition was explored due to its wide acceptance in industries and ease of 
scalability. The performances of WOx films prepared by electrodeposition were 
compared with those prepared by spin coating and anodization. By applying anodic 
potentials, it was found that electrodeposition could effectively remove cationic 
impurities, which were found to be detrimental to device performance. Like MoOx, 
gentle annealing in oxygen deficient N2 environment greatly enhanced the device 
performance of corresponding OPV devices. Through electrodeposition, precise 
thickness control in steps of 3 nm was realised. This was found to be important in 
optimising device performance as the window for peak device performance with 
respect to WOx thickness was narrow. Finally, WOx preparation by anodization of W 
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Chapter 7  
 
Aqueous Electrodeposition of TiOx 
Electron Selective Interfacial Layers 
for Inverted Organic Solar Cells 
 
7.1 Preface 
Following the successful fabrication of hole selective WOx interfacial layers by 
electrodeposition in the previous chapter, this chapter explores electrodeposition of 
TiOx interfacial layers for OPVs. When applied on ITO, the TiOx acts as an electron 
extraction layer (EEL), thus modifying the ITO to act as the device cathode (as 
opposed to modifying ITO into the anode as discussed in the previous chapters). As a 
result of the reverse in polarity of the device electrodes, devices discussed in this 
chapter are referred to as inverted OPVs (iOPV). The electrodeposition discussed uses 
an aqueous precursor stable in ambient conditions, which is a notable attribute as few 
Ti4+ salts are stable with water. Device results based on the P3HT:PCBM active layer 




In the previous chapters, hole selective interfacial layers were deposited on ITO 
substrates; the ITO therefore assumes the role of the anode and holes were extracted 
from the bottom of the device architecture as shown in Figure 7.1. Such a device 
structure is known as the conventional OPV device. By depositing an electron 
extraction layer (EEL) on ITO, however, the ITO substrate may be modified into the 
device cathode, resulting in a reverse in direction of carrier flow. This type of device 
architecture is known as the inverted OPV (iOPV). iOPVs exhibit distinct lifetime 
advantage over the conventional OPV structure. This is because low work function 
metals, such as Ca used in conventional OPVs, are avoided in iOPV. In addition, 
PEDOT:PSS is not used directly over ITO, and this prevents PEDOT:PSS-induced 
ITO etching. There has therefore been increased attention in the iOPV device structure 
[1-4]. Several metal oxide EEL, such as SnOx, ZnO and TiOx, had been accessed by 
vacuum and solution deposition for iOPVs [5-13]. 
 
Figure 7.1. Schematic representations of the conventional (left) and inverted 
(right) OPV device structures. 
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Electrodeposition is an attractive route for facile, scalable fabrication of metal 
oxide films. In this regard, 3 main approaches had been reported in literature: 1) 
electrochemical oxidation/reduction of a precursor to yield the oxide; 2) 
electrophoretic deposition, in which colloidal oxide particles homogenously dispersed 
in a liquid migrate and deposit onto an electrode under the influence of an applied 
electric field and 3) electroprecipitation of the oxide due to a local change in pH at the 
working electrode caused by electrochemically generated H+ or OH- ions [14-19]. 
These approaches have been successfully used to fabricate porous TiOx films of 
relatively high thickness for various applications [20-23]. The preparation of thin TiOx 
interfacial layers for OPV applications using electrodeposition techniques, however, 
has not been studied yet. In the case of Ti(IV) compounds, electrodeposition by 
reduction from higher oxidation state precursor is unsuitable as Ti is generally unstable, 
and therefore unavailable, in its higher oxidation states. In addition, electropherotic 
deposition typically results in rough and porous films that are incompatible with 
requirements for OPVs. Therefore, electroprecipitation of TiOx is preferred. 
This chapter discusses the cathodic electrodeposition of TiOx interfacial layers 
on ITO substrates from a stable aqueous peroxotitanium oxalate precursor. Previous 
reports of solution processed TiOx had focused on the use of precursors that readily 
hydrolysed in atmosphere [11, 24, 25]. The reactivity of such Ti compounds to water, 
however, excludes water as a solvent. Indeed, most Ti compounds precipitate when 
they are in contact with water. To use water as a solvent, capping agents/ligands are 
necessary. Water is attractive as it is non-toxic and avoids volatile organic solvents 
typically used with Ti compounds e.g. 2-methoxyethanol. In this recipe, we 
demonstrate the use of oxalic acid as the capping agent. It should be noted that any 
oxygen containing ligand such as citrates, tartrates, ascorbates, nitrates, sulphates etc. 
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are suitable capping agents. This approach is simple, cost effective and enabled the 
deposition of ultrathin TiOx (< 10 nm) films under ambient conditions. Interestingly, 
the TiOx films were found to be highly conformal to the substrate morphology – the 
film roughness followed closely that of the substrate – and this greatly influenced the 
choice of substrate used. The mechanism for this synthesis route involves raising pH at 
the ITO working electrode with electrochemically-generated hydroxyl (OH-) to 
liberate the oxalate ligands and precipitate TiOx. Unlike SO4
2- ligands previously 
reported, the oxalate ligands used can be effectively removed at low temperatures (< 
200oC), which ensured the process’s compatibility with flexible plastic substrates such 
as polyethylene naphthalate (PEN) and polyethylene terephthalate (PET) [21, 26].  
7.3 Experimental Details 
7.3.1 Materials 
All chemicals were used as purchased without further purification. Anhydrous 
titanium iso-propoxide (Ti(iOPr)4), PCBM, o-DCB and Al were purchased from 
Sigma Aldrich. Oxalic acid (H2C2O4), H2O2, ammonium hydroxide (NH4OH) and 
P3HT were obtained from Alfa Aesar, Merck, Fluka and Rieke Metals, respectively. 
7.3.2 Precursor Synthesis 
The 10mM peroxotitanium oxalate precursor was prepared by dissolving 
Ti(iOPr)4 in a strong aqueous solution of H2C2O4 and ultrasonicated until all 
precipitates were completely dissolved.  The pH of the precursor was adjusted from 
1.5 – 2.0 to 4.5 by adding NH4OH drop wise. An equimolar amount of H2O2 was 
subsequently added to obtain an orange-yellow peroxotitanium oxalate solution. 
Finally, excess H2O2 or NaNO3 were added as additives at a mole ratio of 1 : 2 with 
respect to Ti(iOPr)4 concentration, to allow electrogeneration of OH
-. This precursor 
was found suitable for use up to 5 days when stored in a shaded and cool environment. 
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It should be noted that any TiO2 source may be used in place of Ti(iOPr)4. Preparation 
of the precursor can be described as follows [26, 27]: 
Ti(iOPr)4  + 4H2O ®  Ti(OH)4  + PrOH 
Ti(OH)4   + 2H2C2O4  ®  H2TiO(C2O4 )2  + 3H2O 
H2TiO(C2O4 )2  ®  2H
+  + TiO(C2O4 )2
2-  
TiO(C2O4 )2
2-  + H2O2  ®  Ti(O2 )(C2O4 )2
2-  (orange-red) + H2O 
7.3.3 TiOx Electrodeposition and Device Fabrication 
Electrodeposition was performed with pre-cleaned UV-O3 treated ITO as 
working electrode at -1.2V with saturated calomel (SCE) reference electrode (Hanna 
Instruments) and a Pt-foil counter electrode (Metrohm) (Figure 7.2).  
 
Figure 7.2. A photograph taken during electrodeposition of TiOx performed with 
ITO working electrode, Pt-foil counter electrode, SCE reference electrode and 
orange-yellow peroxotitanium oxalate precursor. 
By controlling the voltage pulse period, the thickness of the TiOx film was found 
to vary linearly with deposition time as shown in Figure 7.3. Films between 5 – 120 
nm were prepared for this study. The films were subsequently annealed at 200 oC in air 
before transferring to a N2 atmosphere glove box (O and H2O < 1 ppm). The active 
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layer was prepared by spin coating a filtered solution (0.45 µm Titan2 PTFE filter) 
consisting 1:0.8 (w/w) 22 mg mL-1 P3HT:PCBM blend dissolved in o-DCB. The 
P3HT:PCBM films were then dried at 140 oC for 7 min and had a thickness of 200 nm. 
The devices were completed by sequential thermal evaporation of MoO3 and Al at 0.2 
Å s-1 and 1-3 Å s-1, respectively, in a chamber at 1 - 1.5×10-6 mbar without breaking 
vacuum. Alternatively, PEDOT:PSS HEL was spin coated on the active layer in place 
of evaporated MoOx. The PEDOT:PSS solution was modified with 5% (v/v) Capstone 
FS-31 flourosurfactant to encourage optimum wettability over the hydrophobic active 
layer [28]. A shadow mask was used to complete 4 devices per substrate with areas of 
0.11 cm2 each. Devices were encapsulated with UV-cured epoxy and glass in the glove 
box before testing. 
 
Figure 7.3. The thickness of TiOx films obtained by electrodeposition measured 
against the deposition pulse duration used in this study. 
7.4 Results and Discussion 
7.4.1 Elemental analysis 
Titanium oxides have been reported to precipitate from solutions of oxo- and 
peroxotitanium complexes through the use of hydroxyl (OH-) ions [29]. The necessity 
of OH- ions for oxide deposition in this study was confirmed by the formation of only 
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metallic Ti when deposition was performed without an OH- source. OH- may be 
electrogenerated by the following reactions [18-21, 30]: 
H2O2 + 2e
- ®  2OH- 
NO3
- + H2O + 2e
- ®  NO2
- + 2OH- 
 
Figure 7.4. XPS results of Ti core level scan. The results revealed the presence of 
only Ti4+ in the electrodeposited films.  
Precipitation of TiOx from the peroxotitanium precursor was further supported 
by XPS Ti 2p core level scan Figure 7.4. The spin-orbit split Ti 2p core level 
photoemission peaks observed at 458.7 and 464.4 eV correspond to Ti4+ [31-33]. No 
other oxidation states were observed. Since no change in oxidation state of Ti had 
occurred during the electrodeposition process, this further confirms precipitation as the 
dominant mechanism for the deposition of TiOx [15].  
Various forms of titanium oxides, including TiOx [20] and hydroxides [21, 26] 
have been reported from aqueous synthesis approaches. Oxides and hydroxides can be 
differentiated by their respective XPS O 1s core level binding energies, the results of 
which are shown in Figure 7.5. The measured data were analysed as a convolution of 
two photoemission peaks at 529.8 eV and 531.5 eV that could be assigned to O2- and 
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OH- species respectively in titanium oxides [31-34]. Using the XPS results obtained, 
the stoichiometry of the electrodeposited TiOx films was calculated. In unannealed as-
deposited films, Ti(OH)4 content and O-vacancies was observed to be relatively high 
(Ti(OH)4:TiOx = 1:1.7, and x=1.56). Annealing was observed to reduce Ti(OH)4 
content and increase O incorporation into the film, thus increasing the Ti(OH)4:TiOx 
ratio to 1:5.9, and x=1.9. Therefore, a low temperature treatment at 200 oC improved 
the film’s oxide content. 
 
Figure 7.5. Results of the O 1s core level XPS scan for a) as-deposited and 




Figure 7.6. Results of C 1s core level XPS scan of a) as-deposited and b) annealed 
TiOx films prepared by electrodeposition in this study. 
 
 
Figure 7.7. Schematic representation of eletrogeneration of OH- from H2O2 and 
NO3
- additives, and the mechanism for precipitation of TiOx accompanied by 
release of the oxalate ligand back into solution. 
Residual oxalate impurities were investigated by C 1s core level XPS scan and 
the results are shown in Figure 7.6. Three distinct deconvoluted emission peaks were 
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identified at 284.6 eV, 286 eV and 288.5 eV corresponding to signatures of the C-C 
reference peak, C-O and C=O groups of the oxalate ligand [35-37]. It was firstly noted 
that oxalate impurities in the as-deposited films was in low amounts of ~13%. The low 
oxalate content indicated that the oxalate ligands were released in solution upon attack 
of the electropositive Ti atom by electronegative OH- species (Figure 7.7). It was 
presumed that the traces of oxalate impurities detected by XPS were trapped in the 
film during TiOx precipitation. Annealing the films further reduced the oxalate 
impurity content to ~5% due to thermal decomposition of oxalate into CO2 gas. Since 
impurities and O-vacancies are often associated with electron traps in TiOx [38], 
thermal annealing of the as-deposited TiOx films was determined to be beneficial by 
improving O stoichiometry and purity of the films. 
7.4.2 Structural characterization  
In this study, TiOx was successfully electrodeposited from both H2O2 and NO3
- 
additives. However, the resulting morphology was observed to differ significantly, as 
revealed by AFM topology measurements. In the case of H2O2 additives, the film was 
highly conformal and thus, the substrate was found to influence the morphology of the 
TiOx film significantly. Two substrates with different morphologies were used to 
demonstrate the conformity of the H2O2-derived film. Figure 7.8 (a) & (b) show the 
morphologies of the ITOs (hereafter referred to ITO-a and ITO-b, respectively) used in 
the structural characterization of the film. The morphology of ITO-a was rice-like 
while ITO-b was defined by plate-like structures and the substrate root-mean-square 
(RMS) roughness were 3.5nm and 2.5nm respectively. Figure 7.8 (c) & (d) show the 
morphologies of H2O2-derived TiOx films deposited on ITO-a and ITO-b. The images 
revealed the high conformal nature of the H2O2-derived TiOx films. Consequently, the 
TiOx films displayed surface roughness that corresponded well with that of the 
  
underlying substrate – 
b were 3.4nm and 1.5nm
used, the NO3
--derived 
bore no signature of the substrate morp
interfacial layers that effectively planaris
densities that degrade the active layer
TiOx EEL for device fabrication
Figure 7.8. AFM images of a,b) ITO substrates; c,d) the corresponding 
electrodeposited TiOx
additive. Note the height bar for a
e is given in inset. 
Since light must pass through the TiO
electrodeposited TiOx 
tabulated results of %WAT of TiO
calculated from data presented in 
some cases, exhibited greater %WAT than ITO. This points to anti
properties of the electrodeposited TiO
transmission to the active layer, which is beneficial for obtaining high photocurrents.
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the RMS roughness of TiOx films deposited on ITO
, respectively. On the other hand, when NO
TiOx films (deposited on ITO-a) were extremely rough and 
hology. Since it is desirable to have smooth 
e ITO to avoid shunts and high local current 
, thus, only H2O2 additives were used to fabricate 
. 
 films with H2O2 additive and  e) TiOx
-d is given in the top right while that for image 
x layer, it is 
films to possess high transmittance. Table
x of various thicknesses, which in turn was 
Figure 7.9. The films displayed high %WAT, and in 
x films and would result in high light 
-a and ITO-
3
- additive was 
 
 films with NO3
- 
desirable for the 




Table 7.1. %WAT of various TiOx film thicknesses. %WAT was calculated from 
data obtained from UV-vis transmittance spectroscopy. 
TiOx thickness / nm Transmittance / % 
ITO 82.1 
ITO/TiOx (20 nm) 82.4 
ITO/TiOx (40 nm) 82.6 
ITO/TiOx (60 nm) 82.4 
ITO/TiOx (80 nm) 82.0 
ITO/TiOx (100 nm) 81.6 
ITO/TiOx (120 nm) 81.3 
 
 
Figure 7.9. The results of the transmittance of ITO and ITO/TiOx stacks 
measured against various TiOx thicknesses. 
7.4.3 Device performance 
7.4.3.1 Annealing environment for TiOx interfacial layer 
Since TiOx is an n-type semiconductor, like MoOx and WOx, electrical 
conductivity can be improved by introducing O vacancies. O vacancies were 
introduced by annealing the TiOx films in N2 and iOPV devices were fabricated to test 
the effectiveness of O vacancy introduction. The results of this study are presented in 
Table 7.2. It was noted that oxygen deficient TiOx did not improve device performance, 
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in contrast to what was seen in the last two chapters for MoOx and WOx; O vacancies 
in TiOx caused a reduction in performance. We may understand this by considering the 
origin of the well-observed S-shape J-V curve commonly reported for TiOx devices. 
Kim et al. had studied this phenomena and found that O vacancies moderate the energy 
ITO/TiOx energy barrier to cause the S-kink J-V curve [38]. Figure 7.10 presents a 
schematic diagram of the ITO/TiOx/BHJ stack, and the influence of trap states on 
electron tunnelling at the ITO/TiOx interface. Without illumination, the trap states in 
the TiOx EEL are unoccupied. When illuminated, electrons are excited by UV photons 
captured by TiOx that causes the trap states to fill up. Simultaneously, the conduction 
band shifts down towards the Fermi level of the TiOx layer. This reduces the electron 
barrier width and allows tunnelling of photogenerated electrons that in turn enables 
photocurrent to be extracted. An excess amount of O vacancies in TiOx would 
moderate the downward shift of the TiOx conduction band and prevent effective 
electron tunnelling due to a broad ITO/TiOx electron barrier. Therefore, annealing in 
air instead of oxygen deficient atmospheres was preferred for device fabrication.  
Table 7.2. Effect of TiOx post deposition heat treatment atmosphere on device 
performance of ITO/TiOx/P3HT:PCBM/MoOx/Al iOPV. 
TiOx post deposition 
 heat treatment 
Voc  
 (+ 10 mV) 
Jsc  





200 oC, 30 min (air) 552 10.1 60.4 3.40 




Figure 7.10. Schematic diagram of TiOx/BHJ interface, and the influence of trap 
states on electron tunnelling at the ITO/TiOx interface (adapted from [38]). In 
essence, trap states in the TiOx EEL are unoccupied before solar irradiation. UV 
photons captured by the TiOx layer excites electrons and causes the trap states to 
fill and the conduction band shifts down towards the Fermi level. This reduces 
the electron barrier width and allows tunnelling of photogenerated electrons that 
in turn enables photocurrent to be extracted. 
 
7.4.3.2 Optimising TiOx thickness 
 
Figure 7.11. Measured J-V curve of ITO/TiOx/P3HT:PCBM/5nm MoOx/Al iOPV 
devices. 
Table 7.3 tabulates the device performance parameters of 
ITO/TiOx/P3HT:PCBM/MoOx/Al iOPVs varying thicknesses of the TiOx EEL. The 
effectiveness of the electrodeposited TiOx EEL was demonstrated using control 
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devices without any TiOx EEL. These devices suffered from poor Jsc due to high 
recombination at the ITO cathode. The peak efficiency of 3.5% occurred at a thickness 
of 40 nm. Shunt (Rsh) and series (Rs) resistance values were extracted graphically and 
comparison of these values in Table 1 showed that the combination of the resistances 
was optimal at 40 nm, which resulted in a maximum fill factor (FF) of 59 %. Rs values 
were higher at other thicknesses and the Rsh of the 40 nm TiOx EEL was within the 
optimal range. At low thicknesses, device performance was not ideal due to 
insufficient coverage of the ITO cathode by the TiOx EEL to result in shunting of 
corresponding devices, as revealed by their low Rsh values. 
Table 7.3. Device performance parameters of ITO/TiOx/P3HT:PCBM/MoOx (5 




 (+ 50 mV) 
Jsc  









0 nm 330 2.1 31.5 0.35 - - 
5 nm 350 6.8 32.7 0.61 0.4 14.2 
10 nm 535 8.7 36.2 1.7 0.6 21.8 
20 nm 578 10.4 47.3 2.9 0.9 10.5 
40 nm 610 10.6 59 3.5 1.4 8.4 
100 nm 591 10.5 53.2 3.3 1.9 15.7 
120 nm 580 10.4 50.4 3.1 2.2 17.9 
The MoOx HEL used in devices tabulated in Error! Reference source not 
found. were thermally evaporated. It would be highly desirable to solution process the 
HEL so that more components of the device would be accessible by the solution 
approach. To demonstrate this, devices were fabricated with spin coated PEDOT:PSS 
HEL. To ensure full wettability of the water-based PEDOT:PSS on hydrophobic active 
layer, FS31 fluorosurfactant was used to modify the PEDOT:PSS solution [28]. The 
optimised performance of the resulting ITO/TiOx (40nm)/P3HT:PCBM/ PEDOT:PSS 
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(40 nm)/Ag  device is presented below. The device performance was similar to that of 
ITO/TiOx/P3HT:PCBM/ MoOx/Al devices and this demonstrates the universality of 
the electrodeposited TiOx EEL for iOPV. 
Table 7.4. Device performance parameters of ITO/TiOx (40nm)/P3HT:PCBM/ 
PEDOT:PSS (40 nm)/Ag  device incorporating fully solution processed TiOx and 
PEDOT:PSS interfacial layers. 
Device 
Voc  
 (+ 10 mV) 
Jsc  







552 10.1 60.4 3.40 
 
7.5 Conclusions 
Aqueous electrodeposition was studied as a low temperature, scalable and facile 
approach to prepare TiOx films for application as EEL in iOPV devices. The 
mechanism for this electrodeposition involved two steps: electrogeneration of OH- 
species, followed by precipitation of TiOx. The precursor used was stable, aqueous and 
therefore, non-toxic. Two additives were used as OH- sources, namely H2O2 and NO3
-, 
and it was found that H2O2 derived TiOx films were highly conformal to the substrate 
morphology. Consequently, this placed an emphasis on the choice of ITO. In contrast, 
NO3
- derived TiOx films were rough and non-conformal, resulting in preference for 
H2O2 derived films for device fabrication. P3HT:PCBM iOPV devices incorporating 
the electrodeposited TiOx EEL were demonstrated with thermal evaporated MoOx as 
well as solution processed PEDOT:PSS. The latter was used to demonstrate iOPV with 
fully solution processed interfacial layers. The results showed effective passivation of 
the ITO substrate with TiOx and optimised thickness of 40 nm. Since TiOx is an n-type 
semiconductor, oxygen vacancy doping might be expected to improve its conductivity, 
and consequently improve device performance. However, it was found that O 
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vacancies prevented effective electron extraction and consequently, air-annealed TiOx 
films were found to be ideal. This phenomenon was discussed in relation to gap state 
occupancy and the energy barrier that exists at the TiOx/BHJ interface. Finally, the 
TiOx device was completed with solution processed PEDOT:PSS to realise fully 
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Chapter 8  
 
Conclusions and Future Work 
 
8.1 General conclusions 
The objective of this work was to investigate the use of wet chemical 
approached to deposit metal oxide films, which were subsequently implemented as 
interfacial layers in OPV. The work in this thesis has shown the metal oxide interfacial 
layers to enhance OPV device performance in both the conventional and inverted OPV 
device architectures. The conclusions of my work can be summarised as follows: 
1. In the first part of this research, thermal decomposition of a Ni precursor was 
explored as a facile approach to preparing NiO HEL. The importance of 
parasitic resistances, improved dark saturation currents as well as device 
lifetimes were demonstrated. It was found that thermal decomposition at 
temperatures in excess of 250 oC would cause increase in sheet resistance of 
the ITO substrate, and that lower temperature approaches were needed for 
further research in subsequent chapters. 
2. In the second part of this thesis work, acids were used to catalyse the formation 
of MoOx at low temperatures, making the solution process compatible with 
flexible polymer substrates. It was found that gentle heat treatment in oxygen 
deficient environment, such as N2, was beneficial to activate the MoOx HEL for 
OPV applications. This was accompanied by alleviation of S-shape J-V curves 
observed in films that were not annealed or annealed in air. It was found that 
oxygen vacancies were created by the oxygen deficient annealing step, which 
facilitated the transport of carriers from the BHJ to the ITO anode. It was 
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further found that the MoOx films were n-type, despite their hole selective 
behaviour. By constructing energy level diagram based on UPS and optical 
measurements, the hole selective mechanism in the n-type MoOx films was 
elucidated. The results of EIS measurements were discussed in relation to this 
mechanism. 
3.  The third part of this research work deals with electrodeposition of WOx HEL. 
WOx was chosen due to its similar physical and chemical properties as MoOx, 
while electrodeposition was explored due to its wide acceptance in industries 
and ease of scalability. WOx films prepared by electrodeposition were 
compared with those prepared by spin coating, and it was found that 
electrodeposition could effectively remove cationic impurities which were 
detrimental to device performance. Like MoOx, gentle annealing in oxygen 
deficient N2 environment would greatly enhance the device performance of 
corresponding OPV devices. Roughness of the WOx interfacial layer was an 
important parameter studied in this chapter and it was shown that excessive 
roughness led to poor electrical contact between the BHJ and WOx due to the 
formation of voids that acted to increase Rs. 
4. The last part of this research work involved the use of electrodeposition to 
prepare TiOx films for application as EEL in iOPV devices. The mechanism for 
this electrodeposition involved two steps: electrogeneration of OH- species, 
followed by precipitation of TiOx. The precursor used for deposition is stable, 
aqueous and therefore, non-toxic. Two additives were used as OH- sources, 
namely H2O2 and NO3
-. It was found that H2O2 derived TiOx films were “soft” 
and highly conformal to the substrate morphology. This placed an emphasis on 
the substrate morphology and consequently, the choice of ITO was important. 
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This was in contrast to NO3
- derived TiOx films, which were rough and non-
conformal. P3HT:PCBM iOPV devices utilising the electrodeposited TiOx EEL 
were demonstrated with thermal evaporated MoOx and solution processed 
PEDOT:PSS. The results showed effective passivation of the ITO substrate 
with the TiOx EEL. Since TiOx is an n-type semiconductor, oxygen vacancy 
doping might be expected to improve its conductivity, and consequently 
improve device performance. This was investigated by annealing TiOx in N2 
atmosphere. In contrast to MoOx and WOx, this annealing step was found to 
decrease device performance in TiOx. Finally, the reasons for such an 
observation were discussed in relation to gap state occupancy and the energy 
barrier at the TiOx/BHJ interface. 
5. Where low temperatures were used to avoid detrimental effects to the ITO 
substrate, the MoOx, WOx and TiOx interfacial layers in P3HT:PCBM OPV 
and iOPV devices produced similar efficiencies of ~ 3.5 %. Since a change in 
metal oxide and device structure did not result in significant changes to the 
optimised efficiencies measured, this suggests that the metal oxide films were 
well optimised and further scope for improvement lies with substituting the 
P3HT:PCBM system, which has typical reported efficiencies of 3 - 4%, with 
better ones. 
8.2 Future Work 
Much of the work in this thesis was based on the P3HT:PCBM 
polymer:fullerene system. The maximum efficiency, or Shockley-Queisser limit, for 
single junction solar cells is a function of the absorber band gap. The maximum 
conversion efficiency occurs at Eg = 1.4 eV [1]. Since P3HT has a band gap of 1.8 eV, 
it is not ideal for solar cell applications. In addition, polymeric light absorbers typically 
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exhibit narrow absorption bands due to absence of band structure. To effective harvest 
solar photons across a broad spectrum that extends from visible light to NIR, tandem 
OPV structures, where light absorbers with complementary absorption bands are 
stacked, are necessary. Indeed, the best performing devices reported hitherto are 
double junction tandem devices [2]. Therefore, a key future direction in this field is 
that of tandem OPVs employing low band gap polymers and metal oxide interfacial 
layers. 
Employing metal oxide interfacial layers has been shown to improve device 
performance parameters such as efficiency and most importantly lifetime. The 
improvement in lifetime is due to the establishment of stable interfaces owing to the 
chemically inert nature of metal oxides. To be successfully commercialised however, 
other lifetime improvement techniques need to be explored, as the current reported 
lifetimes of OPVs still lack those of established inorganic solar cell technologies. At 
elevated temperatures of 50 oC or more, organic semiconductor molecules begin to 
diffuse and agglomerate, driven by decreases in potential energy of the BHJ 
morphology. The increase in domain sizes is detrimental for exciton dissociation and 
charge transport, which will limit outdoor applications of OPVs. Hence, research into 
material systems that enable stable morphologies at elevated temperatures is important. 
One potential strategy is to blend organic-inorganic semiconductors to form the donor-
acceptor BHJ. The advantage to this approach is in the flexibility to tune the BHJ 
morphology by presynthesis of the inorganic semiconductor in predefined 
morphologies, and penetrating the pores with a solution of the organic semiconductor 
[3-9]. The challenge in this approach is successfully bridging hydrophilicity of the 
hydrophobic organic and hydrophilic inorganic semiconductors, in order to achieve 
intimate donor-acceptor contact.  
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Employing molecular organic semiconductors in OPVs may also be explored in 
future research [10-14]. Molecular semiconductors can be synthesised readily with 
high purity yield and do not suffer from polydispersivity commonly encountered in 
polymer synthesis. Molecular semiconductors will also penetrate mesoporous 
inorganic semiconductor structures more readily than polymers. Flat organic 
semiconductors, such as phthalocyanines, stack well and promote high carrier 
mobilities. Organic semiconductors also display crystalline phases and the high 
intermolecular interactions are beneficial to both charge transport and morphology 
stability. 
Finally, further research into morphology control by ab-initio calculations, 
novel molecule design and synthesis will enable improved exciton separation and 
charge transport, thus enabling greater device performance to be realised. Research in 
transparent conducting oxide based on abundant elements (In is rare and costly) with 
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